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gram  was  monitored  by  Mr.  C.  A.  Paludi,  Jr.,  of  RADC.  The  described  work 
was  directed  by  Mr.  J.  A.  Woody,  Project  Director,  under  the  technical  super¬ 
vision  of  Mr.  H.  W.  Denny,  Head  of  the  Electromagnetic  Compatibility  Branch. 
General  supervision  was  provided  by  Mr.  D.  W.  Robertson,  Director  of  ETL. 

This  report  summarizes  the  objectives,  activities,  and  results  of  an  investi¬ 
gation  to  develop  modeling  techniques  for  passive  components,  including  their 
parasitics,  for  frequencies  up  to  1  GHz.  The  report  was  authored  by  Mr. 

Woody. 
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from  their  current  sales  literature. 
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1.0  INTRODUCTION 


1 . 1  Background 

Passive  components  such  as  capacitors,  inductors,  and  resistors  are 
combined  with  active  devices  in  electronic  circuits  to  perform  specific  opera¬ 
tions  on  the  signals  passing  through  the  circuits.  The  nature  of  the  effect 
that  each  component  has  on  a  time-varying  waveform  is  well  defined  at  low 
frequencies [1 ] .  Furthermore,  analytical  techniques  are  generally  available 
at  all  frequencies  for  calculating  the  circuit's  output  waveform  (or  spectrum), 
given  the  input  waveform  and  an  accurate  mathematical  model  (i.e.,  equivalent 
circuit)  of  the  constituent  elements  of  the  circuit. 

Where  more  than  a  few  components  are  involved,  the  mathematical  analy¬ 
sis  becomes  complex  and  tedious  when  performed  by  hand.  As  a  result,  several 
computer-aided  network  analysis  or  simulation  techniques  have  been  developed. 
Typical  of  the  resulting  computer  programs  are  CIRCUS,  SCEPTRE,  ECAP,  SPICE 
and  NCAP.  These  programs  have  made  circuit  analysis  faster  and  simpler. 

As  an  example,  NCAP,  the  acronym  for  Nonlinear  Circuit  Analysis  Program, 
provides  the  EMC  community  with  a  usable  procedure  for  analyzing  electronic 
circuits  operating  in  a  multi-signal  RFI  environment  [2],  [3].  It  uses  a 
circuit-oriented  procedure  based  upon  frequency  domain  analysis  for  computing 
the  nonlinear  transfer  functions  and  for  predicting  many  nonlinear  effects 
in  electronic  circuits. 

The  validity  of  the  results  obtained  with  any  of  these  computer  analy¬ 
sis  programs  is  strongly  dependent  upon  the  accuracy  with  which  the  various 
circuit  elements  are  modeled.  If  all  the  circuit  elements  are  assumed  to 
be  ideal  components,  large  errors  can  result  [4],  All  components  and  their 
leads  exhibit  parasitic,  or  stray,  capacitances,  inductances,  and  resistances. 
Such  parasitics  arise  because  conductors  exhibit  a  certain  amount  of  intrinsic 
inductance  and  resistance,  and  wherever  conductors  are  separated  by  a  dielec¬ 
tric  a  capacitor  is  formed.  These  unintentional,  but  unavoidable,  properties 
associated  with  every  type  of  component  are  ignored  when  the  components  are 
modeled  as  ideal  components  and,  hence,  errors  result.  For  example,  if  a 
resistor  has  sufficient  parasitic  capacitance  and  inductance  to  make  its 
impedance  properties  strongly  frequency-dependent,  calculations  of  circuit 
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behavior  at  frequencies  where  the  reactive  effects  are  significant  will  be 
in  error  unless  these  parasitic  parameters  are  included  in  the  model. 

Including  the  parasitic  effects  of  passive  components  in  models  is  partic¬ 
ularly  important  in  a  program  like  NCAP  that  has  a  major  function  of  computing 
the  out-of-band  performance  properties  (i.e.,  EMI  characterisitics)  of  circuits. 
Therefore,  in  order  to  enhance  the  capabilities  of  NCAP  and  other  similar 
computer-aided  analysis  programs,  more  accurate  models  including  the  parasitics 
of  passive  components  must  be  available. 

1.2  Program  Scope  and  Objective 

The  scope  of  this  program  was  the  improvement  of  the  capabilities  for 
modeling  of  passive  components  for  use  in  computer-aided  analysis  of  electronic 
circuits. 

The  objective  of  this  effort  was  to  develop  modeling  techniques  which 
will  generate  models  that  predict  the  parasitic  behavior  of  discrete  passive 
components  (capacitors,  inductors,  and  resistors)  over  the  frequency  range 
of  1  Hz  to  1  GHz.  The  modeling  techniques  are  to  generate  models  which  include 
parasitic  effects  for  use  in  computer-aided  analysis  of  the  out-of-band  fre¬ 
quency  responses  of  electronic  circuits  constructed  on  printed  circuit  boards 
used  in  Air  Force  electronic  equipments. 


1.3  Program  Approach 

To  accomplish  the  above  objective,  a  12-month  analysis  and  measurement 

program  was  conducted.  This  technical  program  consisted  of  two  basic  tasks. 

To  facilitate  program  management,  these  two  contractually  defined  tasks  were 

divided  into  the  following  subtasks: 

Task  1:  Development  of  modeling  techniques  using  manufacturers'  avail¬ 
able  data  over  the  frequency  range  for  which  data  exist. 


Sub task  1A: 
Sub task  IB: 
Sub task  1C: 
Sub task  ID: 
Subtask  IE: 
Sub task  IF: 


Prepare  a  suggested  component  list 
Survey  and  classify  the  available  data 
Perform  initial  modeling  and  analysis 
Prepare  Test  Plan  1 

Perform  analysis  based  on  available  data 
Give  oral  presentation  of  results 


Task  2:  Extension  of  modeling  techniques  to  1  GHz  using  data  obtained 
from  measurement  techniques  to  be  developed. 


2 


Subtask  2A: 
Subtask  2B: 
Subtask  2C: 
Sub task  2D: 
Subtask  2E: 
Sub task  2F: 
Sub task  2G: 

Subtask  2H: 


Define  additional  data  requirements 
Develop  measurement  techniques 
Measure  data 

Perform  initial  modeling 
Perform  initial  analysis 
Prepare  Test  Plan  2 

Perform  final  modeling  and  analysis  based  on  avail¬ 
able  and  measured  data 
Give  oral  presentation  of  results 


Thus,  Task  1  emphasizes  the  collection  and  classification  of  the  data  avail¬ 
able  from  manufacturers  and  the  use  of  this  data  in  developing  models  that 
include  the  parasitic  effects  of  passive  components.  Since  manufacturers' 
available  data  is  limited  primarily  to  the  lower  frequencies  (typically  <100 
MHz  and  in  many  cases  <10  MHz)  data  was  needed  for  the  higher  frequencies 
(up  to  1  GHz).  Therefore,  Task  2  was  directed  toward  gathering  this  data 
through  laboratory  measurements  of  representative  components  and  then  using 
this  measured  data  in  developing  models. 


1 . 4  Report  Organization 

The  material  which  follows  in  this  report  is  divided  into  five  major 
sections.  Section  2  presents  the  identified  modeling  approaches.  Section  3 
describes  the  modeling  and  analysis  performed  on  Task  1  using  manufacturers' 
available  data.  Section  4  presents  the  measurement  techniques  employed  on 
Task  2  and  describes  the  modeling  and  analysis  performed  based  on  the  measured 
data.  The  recommended  modeling  procedures  defined  as  a  result  of  the  efforts 
on  Task  1  and  2  are  summarized  in  Section  5.  The  conclusions  drawn  from 
the  program  are  given  in  Section  6. 

Six  appendices  are  included  in  the  report.  Appendix  A  discusses  the 
collection  and  classification  of  the  data  available  from  manufacturers  and 
summarizes  this  data.  The  components  selected  for  use  on  Task  1  and  the 
applicability  of  the  selected  modeling  approaches  to  the  available  data  are 
given  in  Appendix  B.  Appendix  C  describes  the  measurement  techniques  used 
on  Task  2  and  representative  samples  of  the  measured  data  are  given  in  Appen¬ 
dix  D.  Appendix  E  describes  and  gives  an  initial  analysis  of  some  of  the 
measurement  problems  encountered.  The  modeling  and  analysis  of  the  exceptions 
to  the  generic  curves  for  the  measured  data  are  summarized  in  Appendix  F. 
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2.0  MODELING  TECHNIQUES 


2.1  Introduotion 

Three  candidate  modeling  approaches  were  identified  during  this  program. 
They  are: 


1 .  Direct  Calculation 

2.  Engineering  Approximation 

3.  Analytical  Approximation 

Each  of  these  three  basic  approaches  may  be  used  for  developing  models  of 
the  parasitic  behavior  of  passive  components. 

A  number  of  specific  modeling  techniques  can  be  obtained  as  variations 
of  the  methods  of  each  basic  approach.  For  example,  once  a  modeling  tech¬ 
nique  based  on  one  of  the  above  approaches  has  been  developed,  it  may  be 
possible  to  develop  a  second,  more  appropriate,  technique  by  making  assump¬ 
tions  on  the  resulting  model  to  make  it  more  accurate  or  less  complex. 
Generally,  as  the  accuracy  requirement  for  the  model  increases,  the  complex¬ 
ity  of  the  resulting  model  configuration  increases.  Thus  the  selection  of 
the  most  appropriate  modeling  technique  for  a  given  set  of  data  involves 
a  trade-off  between  accuracy  and  model  complexity. 

2.2  Direct  Calculation  Approach 

The  direct  calculation  modeling  approach  is  the  simplest  approach 
for  generating  a  model  of  a  passive  component.  It  requires  a  minimum  amount 
of  parametric  data  and  yields  the  most  straightforward  model. 

This  approach  must  initially  assume  an  appropriate  equivalent  circuit 
for  the  component  to  be  modeled.  This  equivalent  circuit  reflects  the 
known  (or  surmised)  physical  and  electrical  attributes  of  the  component. 

For  example,  the  equivalent  circuit  commonly  suggested  as  representing 
a  capacitor  is  shown  in  Figure  1(a).  In  addition  to  the  cardinal  value* 

1 - 

"Cardinal  value”  is  defined  in  this  report  to  be  that  value  of  the  component 
assigned  by  the  manufacturer  in  his  catalog  and  in  most  cases  printed  on 
the  component. 
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(a)  Simple  model  circuit  configuration  for  capacitors. 
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(b)  Simple  model  circuit  configuration  for  inductors. 
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(c)  Simple  model  circuit  configuration  for  resistors. 


Figure  1.  Assumed  Model  Circuit  Configurations  Used  in 
Direct  Calculation  Modeling  Approach. 
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of  capacitance  (C),  the  model  includes  a  series  inductance  (L)  which  repre¬ 
sents  the  lead  inductance  and  other  intrinsic  inductance  between  the  device 
terminals  and  the  effective  capacitance  element.  Also,  included  in  this 
model  are  two  resistors.  The  parallel  resistor  (R  )  provides  a  dc  leakage 

path  around  the  capacitor  element  while  the  series  resistor  (R  )  represents 

s 

the  dielectric  losses  and  determines  the  dissipation  factor  (DF)  of  the  capa¬ 
citor. 

The  commonly  accepted  model,  or  equivalent  circuit,  of  an  inductor  is 
shown  in  Figure  1(b).  It  includes  a  resistor  (R)  in  series  with  the  cardinal 
value  of  the  inductance  (L)  and  a  capacitor  (C)  in  parallel  with  the  RL  series 
circuit.  The  resistor  represents  the  losses  in  the  winding  and  core  of  the 
inductor  which  determine  the  dc  resistance  as  well  as  the  quality  factor  (QF) 
of  the  inductor.  The  C  in  the  model  represents  the  stray  or  distributed 
capacitance  between  the  windings  and  leads  of  the  inductor  and  determines 
the  parallel  resonance  frequencies. 

The  assumed  model  of  a  resistor  is  identical  to  that  of  the  inductor 
in  arrangement  of  the  elements  (see  Figure  1(c)).  The  differences  are  in 
the  values  of  the  ideal  elements  in  the  model  and  in  their  physical  bases. 

The  R  is  the  cardinal  resistance;  the  L  represents  the  lead  and  intrinsic 
inductance  of  the  resistance  element;  and  the  C  is  again  the  stray  capacitance 
between  the  various  parts  of  the  resistance  element. 

The  application  of  the  direct  calculation  approach  involves  the  following 
four  basic  steps: 

1.  Assume  one  of  the  circuit  configurations  given  in  Figure  1  based 
on  the  type  of  component  being  modeled; 

2.  Assume  that  the  cardinal  value  of  the  component  is  one  element 
of  the  model; 

3.  Calculate  the  values  of  the  other  elements  in  the  model  from  known 
component  parameters  (such  as  quality  factor,  dissipation  factor, 
dc  resistance,  resonance  frequency,  etc.);  and  then 

4.  Eliminate  all  elements  from  the  model  for  which  there  is  insuffi¬ 
cient  available  data  to  determine  their  values. 

The  advantages  of  the  direct  calculation  approach  are  that: 

o  It  is  simple  to  apply. 
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o  It  yields  simple  models. 

o  It  requires  only  limited  data. 

o  It  is  the  only  applicable  approach  when  only  limited  component  data 
is  available. 

The  disadvantages  of  this  approach  include: 

o  The  configuration  of  the  model  circuit  must  be  assumed. 

o  The  accuracy  of  the  resulting  model  is  in  general  poor  at  frequen¬ 
cies  other  than  those  for  which  data  was  used  in  determining  the 
values  of  the  elements. 

o  The  model  is  generally  inaccurate  at  higher  frequencies  since  data 
is  usually  not  available. 

This  approach  was  used  primarily  on  Task  1  with  data  available  from 
manufacturers,  i.e.,  when  insufficient  data  was  available  to  permit  the  use 
of  the  engineering  approximation  approach. 


Engineering  Approximation  Approach 


The  engineering  approximation  approach  is  of  moderate  complexity.  It 
is  based  on  the  application  of  good  engineering  judgement  in  deciding  the 
type  of  ideal  components  and  their  interconnections  that  can  produce  the 
given  behavior  of  a  component  characteristic  as  a  function  of  frequency  such 
as  the  magnitude  of  the  impedance  (|Zj).  This  approach  requires  that  a  char¬ 
acteristic  curve  for  a  component,  e.g. ,  |z|  vs  f,  be  given.  The  complexity 
of  the  model  resulting  from  the  engineering  approximation  approach  can  vary 
from  a  simple  three-element  model  to  a  complex  multi-element  model,  depending 
on  the  complexity  of  the  given  curve  and  the  detail  with  which  it  is  analyzed. 

The  application  of  this  approach  involves  the  following  four  basic  steps: 


1.  Assume  that  the  behavior  of  a  portion  of  the  given  curve  (that 
part  below  the  first  resonant  frequency)  is  produced  by  an  ideal 
component  of  the  same  type  as  the  component  being  modeled.  For 
example,  on  a  log-log  plot  of  jz|  versus  frequency,  ideal  components 
have  the  following  characteristics: 

o  A  resistor  has  a  constant  non-zero  value  of  | Z | ; 
o  The  value  of  Z  for  an  inductor  increases  at  6  dB/octave; 
o  The  value  of  Z  for  a  capacitor  decreases  at  6  dB/octave. 

2.  Determine  the  dc  resistance  of  the  component  from  given  data. 
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3.  Use  engineering  approximations  and  best  judgement  to  determine 
the  types  of  ideal  components,  and  the  configuration  in  which  they 
should  be  interconnected,  to  produce  the  behavior  of  the  given 
curve  at  the  higher  frequencies.  This  analysis  of  the  higher  fre¬ 
quency  behavior  of  the  given  curve  is  based  on  engineering  rules- 
of-thumb,  guidelines,  and  rigorous  analytical  procedures  such  as 
the  following: 

o  The  value  of  |Z  j  for  an  inductor  (capacitor)  increases  (decreases) 
at  6  dB/octave. 

o  Relative  maximums  and  minimums,  i.e.,  changes  in  the  sign  of 
the  slope,  of  the  curve  indicate  parallel  and  series  resonances, 
respectively. 

o  The  location  of  a  maximum  or  minimum  determines  a  resonance  fre¬ 
quency  (fR). 

o  With  one  reactive  element  known  at  a  resonance  frequency, 

f P  =  1/2-irV^C  can  be  used  to  calculate  the  other  reactive  element. 

o  The  value  of  the  |z|  curve  at  a  series  resonance  (i.e.,  a  minimum) 
can  be  used  as  the  ideal  series  resistor  associated  with  the 
reactive  elements  producing  the  resonance, 
o  The  3  dB  bandwidth  of  a  peak  or  null  determines  the  quality  factor 
(Q)  at  that  resonance  and,  hence,  the  associated  resistance, 
o  The  shape  of  the  curve,  i.e.,  its  slope  and  breakpoint  frequencies, 
indicate  the  pole-zero  locations  and,  thus,  the  interconnection 
of  specific  ideal  components. 

4.  Define  the  overall  circuit  configuration  and  all  the  elements  in 
the  component  model  based  on  the  analysis  of  the  given  curve  and 
any  other  given  data. 

The  advantages  of  engineering  approximation  are: 

o  Generally,  it  is  simpler  to  apply  than  the  analytical  approxima¬ 
tion  approach. 

o  With  experience,  specific  elements  or  groups  of  elements  can 
be  quickly  related  to  the  various  shapes  of  the  given  curve, 
o  The  resulting  model  is  more  accurate  over  a  wider  range  of  frequen¬ 
cies  than  a  model  obtained  using  the  direct  calculation  approach, 
o  In  many  situations,  the  resulting  model  is  expected  to  be  as 
accurate  as  the  model  obtained  using  analytical  approximation, 
o  In  other  situations,  the  resulting  model  may  be  adequate  depending 
on  the  accuracy  required  and  the  location  of  the  component  in 
the  overall  circuit. 

o  The  complexity  of  the  resulting  model  depends  on  the  detail  to 
which  the  given  curve  is  analyzed;  therefore,  within  the  limits 
of  the  given  data,  the  resulting  model  can  be  made  as  complex 
or  accurate  as  desired. 

The  disadvantages  of  this  approach  include: 

o  It  requires  that  a  curve  of  some  component  function,  such  as 
|z|,  be  given  versus  frequency. 
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o  It  requires  knowledge  based  on  experience  of  how  the  various 
shapes  of  the  given  curve  can  be  produced  by  different  types 
of  ideal  passive  components  and  their  interconnections, 
o  Generally,  this  approach  requires  more  time  to  apply  than  direct 
calculations. 

o  The  accuracy  of  the  resulting  model  depends  on  the  engineering 
approximations  and  judgement  used  in  analyzing  the  given  curve 
as  well  as  on  the  complexity  of  the  resulting  model,  i.e.,  the 
accuracy  is  a  function  of  the  detail  with  which  the  given  curve 
is  analyzed. 

This  approach  was  used  with  both  available  (Task  1)  and  measured  (Task 
2)  data.  In  general,  the  data  available  from  manufacturers  is  inappropriate 
for  using  this  technique  whereas  the  type  data  measured  on  Task  2  was  specif¬ 
ically  chosen  for  use  with  this  approach. 


2.4  Analytical  Approximation 

The  analytical  approximation  approach  is  a  complex  approach.  It  is 
similar  to  engineering  approximation  except  that  it  is  more  analytically 
rigorous.  This  approach  is  based  on  the  application  of  well  defined  analyt¬ 
ical  procedures  and  principles  [5].  This  approach  also  requires  that  a  curve 
of  some  component  function,  such  as  |f|  where  F  a  A  ♦  JB,  be  given  as  a  func¬ 
tion  of  frequency.  In  a  manner  similar  to  that  for  the  previous  approach,  the 
complexity  of  the  model  resulting  from  analytical  approximation  can  also  vary 
from  a  simple  three-element  model  to  a  complex  multi-element  model  depending 
on  the  complexities  of  the  given  curve.  However,  unlike  the  previous  approach, 
the  degree  to  which  the  given  curve  is  analyzed  and,  thus,  the  complexity 
of  the  resulting  model  is  predetermined  by  the  specific  analytical  procedures 
used. 

The  application  of  this  approach  involves  the  following  three  basic 

steps: 


1 .  Determine  an  algebraic  expression  for  the  given  curve  of  | F | ,  Arg 

F,  A,  or  B,  where  F  *  A  ♦  JB  represents  a  complex  function  describing 
the  component,  such  as  impedance  (Z  *  R  ♦  JX).  This  algebraic 
expression  is  determined  by  using  a  classical  approximation  method 
suoh  as  the  following: 

o  Cut-and-try 

o  Breakpoint/Bode/Straight  Line 
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o  Butterworth 
o  Chebyshev 
o  Fourier 

o  Semi-infinite  slope 
o  Equiripple 

2.  Determine  the  complete  algebraic  expression  for  the  total  complex 
function  F  =  A  +  JB  by  using  one  of  the  following: 

o  One  of  the  above  classical  methods  on  a  given  curve  of  another 
part  of  the  function  such  as  Arg  F. 
o  One  of  the  methods  for  determining  F  if  j  F| ,  Arg  F,  A,  or  B  is 
given.  These  methods  yield  the  unknown  part  of  the  function 
within  an  arbitrary  limit. 

3-  Apply  a  realization  method  to  the  resulting  algebraic  expression 
to  determine  the  model  circuit  elements.  Possible  realization 
methods  include: 

o  Foster 
o  Canonic 
o  Cauer 

o  Partial  Fraction  Expansion 
o  Continued  Fraction  Expansion 
o  Brune 

o  Bott  and  Duffin 
o  Darlington 

The  advantages  of  the  analytical  approximation  approach  include  the 
following: 

o  It  is  more  analytically  rigorous  and,  therefore,  is  expected  to 
give  more  accurate  results  than  either  of  the  other  two  approaches, 
o  The  circuit  configuration  for  the  resulting  model  does  not  have 
to  be  assumed  or  be  based  on  engineering  judgement, 
o  The  complexity  and  accuracy  of  the  resulting  model  depends  on 
the  degree  of  detail  used  in  approximating  the  given  curve, 
o  This  approach  does  not  require  before-hand  knowledge  of  how  dif¬ 
ferent  types  of  model  elements  and  their  interconnections  will 
affect  the  behavior  of  a  component  function,  such  as  |Z|  versus 
frequency. 

The  disadvantages  of  this  approach  include  the  following: 

o  It  requires  that  a  curve  of  some  component  function  such  as  | z| 
be  given  versus  frequency. 

o  This  approach  is  the  most  complicated  of  the  three  modeling  ap¬ 
proaches. 

o  It  is  difficult  and  tedious  to  apply. 

o  It  requires  a  thorough  understanding  of  each  classical  approxi¬ 
mation  method  and  each  realization  method. 
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o  It  also  requires  a  working  knowledge  of  the  conditions  under 
which  each  approximation  and  realization  method  is,  and  is  not, 
applicable. 

This  modeling  approach  was  not  needed  for  use  on  this  program.  Because 
of  its  complexity  and  time-consuming  nature,  the  analytical  modeling  approach 
was  not  considered  cost-effective;  however,  in  the  future  the  applicability 
and  appropriateness  of  this  approach  should  be  reviewed. 

Thus,  three  basic  approaches  for  modeling  the  parasitic  behavior  of 
passive  components  are  available.  In  the  following  Sections,  the  first  two 
of  these  approaches  are  used  to  illustrate  specific  modeling  techniques  with 
both  manufacturers'  and  measured  data. 
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3.0  MODELING  AND  ANALYSIS  USING  AVAILABLE  DATA  (TASK  1) 


3.1  Introduction 

Task  1  involved  the  use  of  manufacturers'  data  to  develop  modeling  tech¬ 
niques  which  would  generate  models  of  passive  components  including  their 
parasitica.  Therefore,  the  first  steps  on  this  task  were  the  collection 
and  categorization  (or  classification)  of  the  available  data  as  discussed 
in  Appendix  A.  This  appendix  also  presents  by  category,  or  type  of  component, 
a  tabulated  summary  of  the  types  of  data  available.  In  general,  appropriate 
data  as  a  function  of  frequency  is  provided  over  a  limited  frequency  range 
for  only  a  few  types  of  capacitors  and  resistors.  On  the  other  hand,  practi¬ 
cally  none  is  available  for  inductors  as  a  function  of  frequency.  Furthermore, 
when  data  is  available  the  majority  of  it  is  labeled  as  "typical"  for  a  specific 
type  component.  Therefore,  the  major  drawbacks  of  the  manufacturers'  available 
data  on  most  passive  components  are  the  lack  of  data  as  a  function  of  frequency 
and  the  limited  frequency  range  when  such  data  is  available. 

The  specific  components  selected  for  use  on  Task  1  are  identified  in 
Appendix  B  (see  also  Reference  6).  The  initial  modeling  effort  on  this  task 
was  for  the  purpose  of  determining  whether  the  data  available  from  manufacturers 
was  sufficient  to  support  the  direct  calculation  and  engineering  approximation 
approaches.  This  effort  showed  (see  Appendix  B)  that  the  direct  calculation 
approach  can  be  applied,  at  least  partially,  to  roughly  90  percent  of  the 
components  examined.  Because  of  the  nature  of  much  of  the  available  data, 
however,  the  engineering  approximation  approach  could  be  used  for  only  some 
40  percent  of  these  components. 

The  final  effort  on  Task  1  was  the  detailed  modeling  of  selected  examples 
of  the  components  listed  in  Table  B-1.  The  modeling  techniques  were  analyzed 
by  comparing  the  impedance  versus  frequency  behavior  of  the  resulting  models 
with  the  data  provided  by  the  manufacturers.  (The  degree  to  which  the  model 
behavior  matches  the  published  data  is  defined  as  the  accuracy  of  the  model.) 
Illustrations  of  the  steps  involved  in  the  use  of  selected  variations  of 
the  direct  calculation  and  engineering  approximation  approaches  and  examples 
of  the  means  for  analyzing  the  results  obtained  are  presented  in  the  following 
paragraphs. 
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3.2  Modeling  and  Analysis  of  Component  A1 

Component  A1  is  a  0.1  PF  (35V)  Corning  MD  solid  tantalum  capacitor  (the 

manufacturer's  catalog  number  is  MD2-035- 104-20).  The  data  given  by  the 

manufacturer  includes  a  curve  of  the  magnitude  of  impedance  as  a  function 

of  frequency  (|Z|  vs  f),  the  maximum  dissipation  factor  at  120  Hz  (DFmay 

§  120  Hz),  and  the  maximum  dc  leakage  current  (DCL _ )  as  follows: 

nicix 

|z|  vs  f  (100  Hz  to  100  MHz) 

DF  _  =  8*  §  120  Hz 

I&3X 


This  data  is  shown  in  Figure  2.  (The  impedance  curve  is  identified  as  MD2-104 
and  the  other  data  is  tabulated  with  the  catalog,  or  part,  number.) 

3.2.1  Application  of  Technique  ilA 

The  first  modeling  technique  to  be  illustrated  is  an  application  of  the 
direct  calculation  approach.  It  is  usable  where  the  resonance  frequency  (fR) 
can  be  determined  from  the  |z|  vs  f  curve. 


3 . 2 . 1 . 1  Modeling  Procedure 

Step  1  -  Assume  the  model  of  a  capacitor  is  as  shown  in  Figure  1(a). 
Step  2  -  Assume  C  is  the  cardinal  value  of  the  capacitor,  i.e. , 

C  =  0.1  pF 

Step  3  -  Calculate  the  minimum  value  of  Rp  (i.e.,  the  dc  resistance): 

V  ^ 

R  -  teat  (1) 

p  min  DCL 

v  max 

35  V 
’  1  pA 

-  35  Mil 


The  component  under  consideration  is  identified  by  its  "ID  #"  as  given  in 
Table  B-1.  Also,  the  modeling  technique  is  identified  by  a  number  and  a 
letter.  The  number,  either  1  or  2,  identifies  the  modeling  approach  to  be 
direct  calculation  or  engineering  approximation,  respectively.  The  letter 
Identifies  the  specific  variation  of  the  approach  that  is  being  used,  i.e., 
the  specific  modeling  technique. 
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Solid  Tantalum  Capacitors 


PART  NUMBERS  AND  ORDERING  INFORMATION 


Mu 

Max 

Mu 

Max 

VNue 

Cm 

d.p. 

DCL 

Value 

Cap* 

D.F. 

DCL 

Vatu* 

(MM) 

i 

l 

tea 

(%> 

0-4) 

(MM) 

Part  Number 

•tab 

<%j 

b>4) 

mm 

1  Vobs 

8  Voltl 

2.2 

MD2-002-225-20 

MD2 

10 

1.0 

68 

MD2-006-684-20 

MD2 

8 

10 

15 

4.7 

MD3-002-4 75*20 

MD3 

10 

1.0 

15 

MD3-006- 155-20 

MD3 

8 

10 

.22 

100 

MD4-002- 106-20 

MD4 

10 

1.0 

33 

M 04-006-335-20 

M04 

6 

1  0 

220 

MD5-002-226-20 

MD5 

10 

1.0 

68 

M05-006-685-20 

MD5 

8 

10 

68 

10 

680 

M 06-002-686- 20 

M06 

15 

1.5 

22  0 

M06-006-226-20 

MD6 

8 

15 

3  Vote 

10  Vote 

1  5 
22 

1.5 

MD2-003- 155-20 

MD2 

10 

10 

.47 

MD2-010-474-20 

MD? 

8 

10 

68 

33 
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M03 

10 

10 

10 

MD3-01 0-1 05-20 
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8 

1.0 

•  8 
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MD4 

10 

10 

22 
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8 

10 

15.0 
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M06 

10 

1  0 

4.7 

M 05-01 0-475-20 

MDS 

8 

10 

10 

47.0 

MDM03-476-20 

MD6 

10 

1.5 

15  0 

MD8010-158-20 

MD6 

8 

V 

W  15 
▼  22 

4  Vote 

i»yote 

33 

47 

10 

MD2-004- 106-20 

M02 

8 

10 

33 

M 02-01 5-334-20 

MD2 

8 

10 

68 

2.2 

MD3-004-225-20 

MD3 

8 

1.0 

88 

MD3-01 6884-20 

MD3 

8 

10 

1  5 

4.7 

MD4-004-4 75-20 

M04 

8 

1.0 

15 

MO4-01 5- 155-20 

MD4 

8 

1.0 

22 

10.0 

MD6-004-1 06-20 

MD5 

10 

10 

33 

MD5-01 5-335-20 

MD5 

6 

10 

33 

33.0 

M 06-004-336-20 

MD6 

10 

1.5 

100 

M  08016-108-20 

MD6 

8 

15 

4.7 

Fart  Number 

Cm 

Da 

Mu 

D*. 

(%) 

Mu 

DCL 

(m*) 

20  Voba 

MD2-020-1 54-20 

MD2 

6 

10 

MD2-020-224-20 

MD2 

8 

1  0 

MD3-020-334-20 

M03 

8 

1  0 

MD302CM  74-20 

MD3 

8 

10 

MD4-020084-20 

MD4 

8 

10 

M  D4-020-  T  05-20 

MD4 

8 

10 

MD5-020- 155-20 

MD5 

8 

10 

MD5-020-225-20 

MD5 

8 

1  0 

MD6-020-685-20 

Moe 

8 

1.5 

MVobs 

MD2-035-1 04-20 

MD2 

8 

1.0  J 

M03O35- 154-20 

M03 

8 

1  01 

MD3-035-224-20 

MD3 

8 

10  1 

M 04-035-334-20 

MD4 

8 

i.o  1 

MD4-035-4 74-20 

Mb4 

8 

1  0 

MD5-C35-684-20 

M05 

8 

10  1 

M 0503 5-1 05-20 

MD5 

8 

10 

MD5-035-1 55-20 

MD5 

8 

10  1 

M06-035-225-20 

M06 

8 

10  I 

MD603 5-335- 20 

MDfl 

8 

1.0 

MD603 $-475-20 

MU6 

8 
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Figure  2.  Data  Sheet  for  Component  A1  (0.1  pF), 


(2) 


Step  4  -  Calculate  the  maximum  value  of  R  (at  120  Hz): 

s 

DF  =  wR  C 
s 


or 


DF  DF 

R  _  max  =  max 

s  max  ~  ui C  2?tfC 

=  0.08 _ 

2tt  (120)  (0 . 1  x  10'6) 

=  1.06  kfi  @  120  Hz 


(3) 


Step  5  -  Calculate  L  from  the  resonant  frequency  (fR): 

Assume  fR  is  the  frequency  at  which  the  |Z|  vs  f  curve  (see  the  MD2-104 
curve  in  Figure  2)  is  a  minimum.  Then  from  Figure  2, 

fR  =  5  MHz 

but 

«E-  ^7= 

2ttVLC  ... 


Therefore, 

L  = 


(2nfRrc 


(2it(5  x  106)]2(0.1  x  10"6) 


=  10.1  x  10 


-9 


10.1  nH 


Step  6  -  Draw  circuit  of  final  model: 


35  Ml 


“WAr— |  |— 

1.06  kn  0.1  yF 


/7nnnr> — 

10.1  nH 
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3.2. 1.2  Analysis  of  Technique  <MA 

The  impedance  of  the  model  in  Step  6  above  is  given  by 


R  (R  -  jX_. 

Z  =  - ® - - - Si  +  -jY 

L1  R  +  R  -  jX„  JXL 
p  s  C 


Rs  -  ^XC 


1  + 


Rs  “  JV 


If  R  R  and  R  -•>  X  ,  then  R  can  be  neglected  or 
p  s  p  c’  p 


Z1  Z2  =  Rs  jXC  +  ^XL 
=  Rs  +  j(XL  -  XC) 

The  values  of  both  ]Z1 |  and  jZ^j  were  calculated  as  a  function  of  frequency. 
These  two  calculated  impedances  are  compared  in  Table  1  and  Figure  3  with 
the  manufacturer's  curve,  i.e.,  i Zmanur ! *  ®iven  in  Figure  2.  At  all  frequen¬ 
cies,  the  differences  in  impedance  arising  from  neglecting  R^  is  negligible; 
therefore,  the  model  can  be  made  less  complex  by  omitting  Rp. 

Table  1  and  Figure  3  indicate  that  the  model  for  Component  A1  resulting 
from  Modeling  Technique  #1A  is  unfortunately  not  very  accurate.  This  disagree¬ 
ment  between  the  calculated  |Z|  and  results  from  assuming  that 


R  =  a  constant  =  R  @  120  Hz 

s  s  max 

This  value  of  R  is  1.06  kil  which  means  that  !z)  of  the  series  resonance 

S 

model  (see  the  circuit  in  Step  6  above)  can  never  be  less  than  1.06  k3;  how¬ 
ever,  IZ  J  .  is  10  Q.  Therefore,  using  DF  @  120  Hz  with  the  direct 

calculation  approach  gives  an  inaccurate  model.  This  same  inaccuracy  can  be 
expected  to  occur  when  using  this  approach  to  model  other  capacitors  unless 

the  R,,  calculated  from  DF._  @  120  Hz  is  less  than  |Z_ J  .  .  (It  should 

s  max  '  manuf'min 

be  noted  that  it  can  not  be  determined  if  this  condition  has  been  met  unless 
a  | Z |  vs  f  curve  is  available.) 
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TABLE  1 


Figure  3 


MAGNITUDE  OF  IMPEDANCE  OF  MODEL  RESULTING 
FROM  TECHNIQUE  01A  FOR  COMPONENT  A1 


Frequency 

Zmanuf 

(Hz) 

(0) 

1  x  102 

*  17  k 

1  x  103 

1.4  k 

1  x  104 

170 

1  x  105 

34 

1  x  106 

13 

1  x  107 

10 

1  x  108 

25 

(0) 

CO 

16  k 

16  k 

1.91  k 

1.91  k 

1.07  k 

1.07  k 

1.06  k 

1.06  k 

1.06  k 

1.06  k 

1.06  k 

1.06  k 

1.06  k 

1.06  k 

IMPtOANCC  VS.  FAKOUKNCY 


Calculated  I Z I  of  Model  Resulting  from  Technique  #1A 
for  Component  A1  Plotted  on  the  Manufacturer's  Curve. 
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3.2.2  Application  of  Technique  #2A 

Based  on  the  analysis  of  the  use  of  the  direct  calculation  approach 
for  modeling  Component  A1  and  on  the  fact  that  a  |Z|  vs  f  curve  (MD2-104 
in  Figure  1)  is  available  from  the  manufacturer,  it  was  decided  that  the 
engineering  approximation  approach  would  probably  be  more  appropriate  for 
this  capacitor.  The  first  variation  of  the  engineering  approximation  approach 
used  is  #2A. 


3.2.2. 1  Modeling  Procedure 

Step  1  -  Since  the  component  is  a  capacitor,  assume  that  one  of  the 
elements  in  the  model  is  an  ideal  capacitor  equal  to  the  cardinal 
value,  i.e.,  C  =  0.1  uF.  Then  at  the  lower  frequencies  (100  Hz  to 
10  kHz),  the  MD2-104  curve  in  Figure  4  (reproduced  from  Figure  2) 
can  be  assumed  to  be  produced  by  this  ideal  capacitor  that  has  an 
impedance  at  10  kHz  of 


7  3,  Y  rn  =  — ± _ 

4  AC  W  C  2irfC 

_ 1 _ 

=  -  — - 

2 it (10  x  103)(0.1  x  10-6) 
=  1590 


(6) 


Thus,  the  Xq  =  1/wC  asymptote  to  the  curve  can  be  obtained  by  drawing 
a  straight  line  through  the  point  Z(10  kHz)  =  159  0  with  a  slope  of 
-6  dB/octave  (-20  dB/decade).  This  is  line  "A"  in  Figure  4. 

Step  2  -  Calculate  the  minimum  dc  resistance: 


rated 


dc  min  DCL 


max 


.  35  V 

1  x  10"6  A 
-  35  Mfi 


(7) 


This  dc  resistance  must  form  a  parallel  path  around  the  ideal  capacitor 
for  current  flow  at  low  frequencies.  Therefore,  it  is  labeled  as 
Rp  m^n  and  is  in  parallel  with  C: 


V  min  "  ^dc  min 


=  35  Mfl 
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Figure  4.  Low  Frequency  Asymptote  ("A")  and  Straight  Line 

Approximation  of  the  Resistance  ("R")  for  Component  Al. 

Step  3  -  The  MD2-104  curve  in  Figure  4  has  the  general  shape  of  a  series 

resonance  circuit  (see  Sec.  4.0).  Therefore,  the  parallel  combination 

of  C  and  R  .  must  have  an  inductor  (L)  in  series  with  it.  The 
p  min 

value  of  L  can  be  determined  as  follows: 

o  Assume  that  the  resonance  frequency  ( f R )  is  the  frequency  at 
which  the  |z|  vs  f  curve  is  a  minimum.  Then, 


fR  =  5  MHz 


o  Calculate  L  from 


R  2*/LC 


or 


L 


_ 1 _ 

[2it(5  x  106)]2(0.1  x  10’6) 
10.1  nH 


1.01  x  10 


Step  4  -  Since  the  impedance  curve  does  not  go  to  zero  at  fR,  there 
must  be  a  a  resistor  in  series  with  the  series  resonance  circuit. 

This  series  resistance  (R  )  can  be  calculated  at  three  specific  frequen- 

3 

cies  as  follows: 
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o  At  f  =  fR  =  5  MHz, 


R  = 
s 


Z  J  .  =  10  9 

1  manuf'min 


o  At  f  =  120  Hz,  DFmav  =  8 %  and 


s  max  oiC 

_  _ 0.08 _ 

2n(120) (0.1  x  10"6) 

-  1.06  kft 

o  At  f  =  fg  ^  the  |z|  vs  f  curve  and  the  Xq  =  1/wC  asymptote 
(line  "A"  in  Figure  4)  differ  by  3  dB,  i.e.,  Xq  =  0.707 1 Z | . 
At  this  frequency, 


From  Figure  4,  this  point  occurs  at 
r3  dB  *  "8  kHz 

Therefore, 

R  .  V  . 

s  C  uiC  2irfC 

_  _ 1 _ 

2tt(48  x  103)(0.1  x  10-6) 

-  33.2  JJ 

These  three  points,  R  (5  MHz)  -  10  n,R_(48  kHz)  =  33.2  ft,  and 

s  s 

R  (120  Hz)  =  1.06  kftare  plotted  in  Figure  4.  Note  that  the  three 
s  max 

do  not  fall  in  a  straight  line  on  this  log-log  graph.  However,  to 
compute  the  value  of  the  series  resistance  of  the  capacitor,  initially 
assume  that  the  curve  for  Rg  is  a  straight  line  through  the  two  lower 
resistance  values  (see  dotted  line  "R").  (Projection  of  this  line 
to  the  left  of  the  graph  indicates  a  resistance  at  120  Hz  less  than 
that  corresponding  to  the  dissipation  factor  (DF)  stated  by  the  manu¬ 
facturer.  Since  the  published  DF  is  specified  as  the  highest  value 
to  be  exhibited  by  this  class  of  capacitors,  the  actual  value  of  a 
particular  one  should  be  expected  to  be  less.)  The  equation  for  this 
straight  line  on  log-log  paper  is 
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(8) 


log  R  =  m  log  f  ♦  k 

3 

where  log  s  log1Q,  m  is  the  slope  of  the  line,  and  k  is  a  constant. 

The  values  of  m  and  k  can  be  determined  from  the  two  points  as  follows 

log  Rgl  -  log  »g2 
"  "  log  -  log  f2 

_ log (10)  -  log(33.2) 

log(5  x  106)  -  log (48  x  103) 

-  -0.258 


Since, 


log  -  m  log  +  k 


then,  at  £  ■  5  MHz, 

k  ■  log  R^  -  m  log 

-  log (10)  -  (-0.258)  log (5  x  106) 

-  2.73 


Thus, 


log  Rg  -  m  log  f  +  k 
•  log  (n  +  k 


or 


Rs  -  f"  (10  ) 


f"°*258(102*73) 
537 _ 


,0.258 


Step  5  -  Draw  the  circuit  for  the  resulting  model: 


35  M0 


— — — |  I—*— 

S*17 

“07258  n  0,1  "F  10‘lnH 


(9) 
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3. 2. 2. 2  Analysis  of  Technique  #2A 

First,  it  should  be  noted  that  for  Capacitor  A1  the  model  resulting 
from  Technique  #2A  has  the  same  configuration  as  the  model  resulting  from 
the  use  of  the  direct  calculation  approach  (Technique  #1A).  In  fact,  with 
the  exception  of  the  series  resistance  all  the  elements  in  the  two  models 
have  the  same  values.  It  was  shown  earlier  that  Rp  is  large  enough  to  be 
neglected;  however,  for  confirmation,  it  was  included  in  the  calculations 
of  |z.|  and  !z_|.  These  two  calculated  impedances  are  compared  with  manufac¬ 
turer's  data  in  Table  2  and  Figure  5.  As  expected,  the  difference  between 
| Z ^ |  and  |Zgl  was  again  negligible;  therefore,  the  model  can  be  made  less 
complex  by  omitting  Rp. 

At  frequencies  less  than  fp,  the  model  is  fairly  accurate,  i.e.,  the 
difference  between  \Z2j  (the  impedance  calculated  from  the  model)  and  [Zman|lf 
is  <25%.  In  fact,  at  frequencies  below  100  kHz  the  differences  in  are  <20$. 
However,  at  frequencies  above  fp,  the  calculated  curves  appear  to  diverge  and 
large  differences  result.  Since  this  part  of  the  manufacturer’s  curve  has  a 
positive  slope,  i.e.,  is  inductive,  \Z2\  was  calculated  at  two  additional 
frequencies  as  shown  in  Table  2.  These  two  frequencies  are  higher  than  the 
manufacturer's  curve  extends  but  they  show  that  the  calculated  | Z2 |  curve 
does  begin  to  increase  at  higher  frequencies.  In  other  words,  the  minimum 
on  the  calculated  |z|  vs  f  curve  is  at  a  higher  frequency  than  on  the  manufac¬ 
turer's  | Z |  vs  f  curve.  It  is,  therefore,  concluded  that  using  this  specific 
variation  of  the  engineering  approximation  approach  (Modeling  Technique  #2A) 
yields  a  model  whose  resonance  frequency  is  too  high. 

3.2.3  Application  of  Technique  #2B 

To  more  accurately  describe  the  resonance  frequency  behavior  of  Compo¬ 
nent  A1 ,  a  further  refinement  was  made  using  a  second  variation  of  the  engi¬ 
neering  approximation  approach.  It  is  the  same  as  Technique  #2A  except  that 
fp  is  determined  by  drawing  an  asymptote  to  the  published  |z|  vs  f  curve 
on  each  side  of  the  minimum  and  then  selecting  the  intersection  of  these 
two  asymptotes  as  fR. 
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TABLE  2 


MAGNITUDE  OF  IMPEDANCE  OF  MODEL  RESULTING 
FROM  TECHNIQUE  #2A  FOR  COMPONENT  A1 


z 

z„ 

s 

Z  1 

manuf 

2 

□J. 

(Hz) 

(0) 

(3) 

0 

1  x  102 

=  17  k 

15.9  k 

- 

5  x  102 

3  k 

3.18  k 

+ 

1  x  103 

1.4  k 

1.59  k 

+1. 

5  x  103 

310 

324 

M 

1  x  104 

170 

167 

- 

4 

5  x  10 

55 

45.8 

-1 

1  x  105 

34 

31.8 

- 

5  x  105 

15 

18.5 

+2 

1  x  106 

13 

15.3 

+1 

5  x  106 

10 

10 

1  x  107 

10 

8.41 

-1 

5  x  107 

17 

6.37 

-6 

1  x  108 

25 

7.85 

-6 

5  x  108 

— 

31.9 

1  x  109 

— 

63.5 

Z2 

- 

Zmanuf 

Zmanuf 

x  100% 


icr 


IMPEDANCE  VS.  FREQUENCY 


Figure  5.  Calculated |z|  of  Model  Resulting  from  Technique  #2A  for 
Component  A1  Plotted  on  Manufacturer’s  Curve. 

3.2.3. 1  Modeling  Procedure 

Steps  1  and  2  -  Same  as  Steps  1  and  2  of  Technique  #2 A. 

Step  3  -  Since  the  impedance  curve  is  increasing  with  increasing  frequency 
above  approximately  5  MHz,  it  is  assumed  that  the  component  is  inductive 
at  these  frequencies.  Thus,  the  asymptote  to  the  curve  at  these  fre¬ 
quencies  will  represent  X.  =  wL  and  will  have  a  slope  of  +6  dB/octave 

•  L 

(+20  dB/decade)  ,  In  order  to  determine  the  location  of  this  asymptote, 
it  is  necessary  to  extrapolate  the  MD2-104  curve  to  frequencies  above 
100  MHz  as  shown  in  Figure  6.  The  high  frequency  asymptote  is  then 
drawn,  as  line  "B"  in  Figure  6,  tangent  to  the  extrapolated  curve 
and  with  a  slope  of  +20  dB/decade.  The  resonance  frequency  is  then 
assumed  to  be  the  frequency  at  which  the  low  frequency  ("A")  and  the 
high  frequency  ("B")  asymptotes  cross.  Thus,  from  Figure  6, 


fR  =  2.6  MHz 
Then  calculate  L  from 

i-— l— 

(2wfrc 

-  _ i _ 

[2ti(2 .6  x  106)]2(0.1  x  10"6) 

-  37.5  nH 

l - 

For  a  detailed  discussion  of  the  construction  and  interpretation  of  these 
asymptotes,  see  Section  4.0. 
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537  ^  0.1  uF 
.0. 258 


frl’I’MC 


37.5  nH 


3. 2. 3. 2  Analysis  of  Technique  #2B 

As  expected  the  only  difference  between  the  model  produced  by  Tech¬ 
nique  #2B  and  the  model  produced  by  Technique  #2A  is  the  value  of  L.  As 
shown  before,  Rp  is  large  enough  that  it  can  be  neglected.  The  magnitude  of 
the  impedance  (|Z|)  of  the  above  model  is  given  in  Table  3  and  Figure  7. 

With  this  modeling  technique,  the  accuracy  of  the  resulting  model  is  greatly 
improved;  the  difference  between  the  magnitudes  of  the  calculated  impedance 
(|Z|)  and  of  the  impedance  from  the  manufacturer's  curve  ( | Zmnniif I )  is  less 
than  25%  at  all  analysis  frequencies.  Also,  visual  examination  of  the  curves 
for  the  two  sets  of  data  in  Figure  7  indicates  that  they  are  within  the  width 
of  a  line  of  being  the  same.  Therefore,  this  modeling  technique  (#2B)  provides 
the  most  accurate  model  for  capacitor  A1  and  it  (omitting  R  )  is: 


TABLE  3 


Figure  7 


MAGNITUDE  OF  IMPEDANCE  OF  MODEL  RESULTING 
FROM  TECHNIQUE  //2B  FOR  COMPONENT  A1 


Frequency 

2manuf 

[ 

|z|* 

: 

£ 

(Hz) 

(ft) 

(a) 

(%> 

1  X 

io2 

=  17  k 

15.9 

k 

-6.5 

5  x 

io2 

3  k 

3.18 

k 

+6 

1  X 

103 

1.4  k 

1.59 

k 

+13.6 

5  x 

io3 

310 

324 

+4.5 

1  X 

104 

170 

167 

+1.8 

5  x 

104 

55 

45.8 

-16.7 

1  X 

105 

34 

31.8 

-6.5 

5  x 

io5 

15 

18.4 

+23 

1  X 

106 

13 

15.3 

+18 

5  x 

io6 

10 

10.1 

+1 

1  X 

H* 

O 

^1 

10 

8.68 

-13 

5  x 

io7 

17 

13 

-24 

1  X 

108 

25 

24 

-4 

| Z |  is  the  magnitude  of 
calculated  from  the  model 

the  impedanc 

e 

I 
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nmoucmcv .  huh 

Calculated  |z]  of  Model  Resulting  from  Technique  #2B 
for  Component  A1  Plotted  on  the  Manufacturers'  Curve. 
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It  is  noted  that  the  series  resistor  resulting  from  this  modeling  tech¬ 
nique  is  frequency  dependent.  One  possible  way  of  simplifying  the  resulting 
model  is  to  assume  that  this  resistance  is  constant  with  frequency;  this 
simplification  is  the  basis  for  Technique  #2C. 

3.2.4  Application  of  Technique  #2C 

One  final  variation  of  the  engineering  approximation  approach  for 
Component  A1  was  investigated.  This  modeling  technique  assumes  that  the 
series  resistance  in  the  model  resulting  from  Technique  #2B  is  a  constant. 

3.2.4. 1  Modeling  Procedure 


Steps  1  through  3  -  Same  as  Steps  1  through  3  for  Technique  #2B. 

Step  4  -  Since  R  must  be  £10  0  @  5  MHz  (|z  J  .  ),  assume  that 
s  manuf  mm 

R  =  a  constant 

=  |Z  | 

1  manuf 'min 

-  10  a 

Step  5  -  Draw  the  circuit  for  the  resulting  modeling  neglecting  Rp  for 
the  reasons  given  previously  (i.e. ,  it  is  large  compared  to  the  impedance 
of  the  elements  it  is  in  parallel  with): 


_l  | — qnpnr> — 

0.1  yF  37.5  nH 


1.2. 4. 2  Analysis  of  Technique  #2C 


This  simplification  does  not  reduce  element  count  in  the  resulting 
model;  however,  it  does  change  the  resistance  from  a  frequency  dependent 
element  to  a  constant  (which  may  make  it  more  usable  in  computer-aided  circuit 
analyses).  Therefore,  its  impedance  was  calculated  and  compared  with  I  zmanufl 
to  determine  the  effect  of  the  simplification  on  the  accuracy  of  the  resulting 
model.  The  calculated  impedance  (|z|)  is  compared  with  lz  ufl  in  Table  4 
and  Figure  8.  This  comparison  indicates  that  the  difference  in  impedance 
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TABLE  4 


Figure  8 


MAGNITUDE  OF  IMPEDANCE  OF  MODEL  RESULTING 
FROM  TECHNIQUE  #2C  FOR  COMPONENT  A1 


Frequency 

| 2manuf 

|z| 

e 

(Hz) 

CO 

CO 

(%> 

1  x  102 

=  17  k 

15.9  k 

-6.5 

5  x  102 

3  k 

3.18  k 

+6 

1  x  103 

1.4  k 

1.59  k 

+13.6 

5  x  103 

310 

318 

+2.6 

1  x  104 

170 

115 

-32.4 

5  x  104 

55 

33.4 

-39.3 

1  x  105 

34 

18.8 

-44.7 

5  x  105 

15 

10.5 

-30.0 

1  x  106 

13 

10.1 

-22.3 

5  x  106 

10 

10 

0 

1  x  107 

10 

10.2 

+2.0 

5  x  107 

17 

15.4 

-9.4 

1  x  108 

25 

25.6 

+2.4 

IMPEDANCE  V*.  FREQUENCY 


Calculated  jz|  of  Model  Resulting  from  Technique  #2C 
for  Component  A1  Plotted  on  the  Manufacturers'  Curve. 
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1 


increases  from  =20$  (Table  3)  to  -40$  (Table  4)  at  one  to  two  frequency  decades 
below  fR  but  decreases  from  =20$  to  =10$  at  frequencies  greater  than  fR. 

Thus,  simplifying  the  resulting  model  for  the  capacitor  by  using  a  modeling 
technique  that  assumes  the  series  resistance  to  be  constant  instead  of  a 
function  of  frequency  considerably  improves  the  accuracy  of  the  model  at 
frequencies  above  resonance  and  significantly  compromises  the  accuracy  at 
frequencies  immediately  below  resonance.  Even  though  the  accuracy  is  decreased 
at  some  frequencies,  the  difference  between  the  calculated  ] Z!  and  lzmanuf-l 
is  less  than  45$  at  all  the  analysis  frequencies. 

3.3  Modeling  and  Analysis  of  Remaining  Capacitors 

The  detailed  modeling  and  analysis  described  in  the  preceding  paragraphs 
have  shown  that  the  use  of  the  direct  calculation  approach  for  modeling  capaci¬ 
tors  does  not  result  in  an  accurate  model  at  higher  frequencies;  however, 
variations  of  the  engineering  approximation  approach  can  produce  relatively 
accurate  models.  To  confirm  this  conclusion,  several  of  the  remaining  selected 
capacitors  were  modeled  using  both  approaches  and  the  resulting  models  were 
analyzed.  The  results  of  these  analyses  are  comparable  to  the  results  dis¬ 
cussed  in  the  preceding  paragraphs. 

Applying  the  engineering  approximation  approach  to  other  capacitors 
required  some  additional  variations  in  the  specific  steps.  The  major  reason 
for  these  variations  is  that  the  different  manufacturers  do  not  provide  the 
same  type  data  nor  data  over  the  same  frequency  range  (see  Appendix  A).  For 
example,  the  |z|  vs  f  curve  for  capacitors  B1,  B2,  and  B3  only  goes  to  1  MHz 
and  the  minimum  of  this  curve  is  not  shown.  Therefore,  the  minimum  value 
of  |z|  and  the  resonance  frequency  can  not  be  determined.  However,  for  these 
components  a  curve  of  effective  series  resistance  (ESR)  is  also  given.  Hence, 

R  can  be  determined  from  a  straight  line  approximation  to  the  ESR  curve. 

The  most  detailed  model  that  can  be  obtained  via  these  techniques  is  thus 


For  the  three  "B"  capacitors,  the  values  of  Rg  and  C  were  calculated  to  be 


Capacitor 

_ C_ 

s 

(PF) 

(l) 

B1  -0.1  pF  (50V) 

0.1 

182  f-0*191 

B2  -  3.3  pF  (50V) 

3.3 

1.61  f0-103 

B3  -  56  pF  (6V) 

56 

0.356  f-0'077 

For  some  of  the  other  capacitors,  a  |z|  vs  f  curve  is  not  available 
from  the  manufacturers.  However,  some  manufacturers  do  provide  a  curve  of 
the  change  in  C  as  a  function  of  frequency  (AC  vs  f).  Another  variation  of 
the  engineering  approximation  approach  can  be  used  with  this  data  to  determine 
the  series  inductance  for  the  model  as  follows: 


o  Assume  the  aC  vs  f  curve  is  a  plot  of  the  change  in  the  equivalent 

capacitance  (C  )  as  a  function  of  frequency, 
eq 

o  Assume  the  model  is  an  CLR  series  circuit  as  has  been  shown  to 
be  the  case  with  other  capacitors. 

o  Then,  the  reactance  of  the  C  should  be  the  3ame  as  the  reactance 
of  the  model,  or  e<1 


This  technique  was  used  for  capacitors  such  as  B3  and  Cl.  It  gives  the  fol¬ 
lowing  model  configuration: 


-w. — 1 1 — oronT'- 

Rg(f)  C  L(f) 


where  the  methods  for  calculating  R  and  C  have  been  described  previously 
for  the  three  "B"  capacitors.  For  capacitors  B3  and  Cl,  the  following  element 
values  were  calculated: 


30 


Capacitor 

C 

L 

R 

s 

(yF) 

(H) 

ur~ 

B3  -  56  yF  (6V) 

56 

0.111  f"1,3 

0.356  f"0-077 

Cl  -  4.7  yF  (20V) 

4.7 

0.652  f"1,4 

1.05* 

3.4  Modeling  and  Analysis  of  Inductors 

The  majority  of  the  manufacturers  of  inductors  do  not  furnish  impedance 
data  (or  curves)  as  a  function  of  frequency.  In  fact,  of  all  the  manufacturers' 
data  surveyed  in  Appendix  A,  none  of  the  inductor  manufacturers  have  Izlvs  f 
curves  available.  The  only  data  given  as  a  function  of  frequency  is  the 
quality  factor  (Q);  Q  vs  f  is  available  for  approximately  20%  of  the  surveyed 
components.  Furthermore,  when  Q  vs  f  is  given,  it  typically  covers  only  a 
small  frequency  range  around  resonance.  Since  data  describing  the  overall 
characteristics  of  the  inductor  as  a  function  of  frequency  is  not  available, 
the  engineering  approximation  approach  can  not  be  used  for  modeling  inductors. 
Even  though  the  direct  calculation  approach  can  be  used  with  manufacturers' 
data  to  model  inductors,  it  is  not  possible  to  assess  the  merits  of  the  various 
modeling  techniques  nor  determine  the  accuracy  of  the  resulting  model  since 
the  |z|  vs  f  type  data  is  not  available  with  which  to  compare. 

For  these  reasons,  only  limited  modeling  of  inductors  was  performed 
to  basically  illustrate  how  the  direct  calculation  approach  would  be  applied. 

To  illustrate  the  application  of  this  approach,  the  modeling  of  one  inductor 
is  presented.  Component  SI  is  a  0.1  yH  Torotel  TA  subminiature  RF  coil. 

The  data  given  by  the  manufacturer  is 

L  =  0.1  yH  10%;  ^typical  vs  f  (8  to  50 

fR  min  *  ,50  “min  •  25  “•  *  60- 

R,, _ =  0.04  0;  Core  =  powered  iron 

dc  max 

This  data  is  shown  in  Figure  9.  The  direct  calculation  approach  for  modeling 
inductors  consists  of  the  following  steps: 

I  |  J 

Since  the  |Z|  vs  f  curve  does  not  extend  below  f^  by  more  than  one-half 
of  one  frequency  decade, the  f^  dB  point  oan  not  be  determined  and  a  line 
for  Rg  can  not  be  determined.  Therefore,  Rg  was  assumed  to  be  a  constant 
equal  to  |ZmnuflBl„. 
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Figure  9. 


Data  Sheet  for  Component  SI  (Part  Number  TA-1, 
0.1  pH  inductor). 
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If  Qmin  at  one  frequency  was  the  only  data  given  for  the  quality  factor 
(as  is  the  case  for  approximately  80f  of  the  inductors  surveyed  in  Appendix 
A),  there  are  two  possible  ways  of  proceeding  beyond  Step  4.  The  first  possi¬ 
bility  is  to  assume  that  R  is  a  constant  and  equal  to  R„_„(at  25  MHz).  The 

max 

second  possiblity  is  to  approximate  F  by  a  straight  line  through  Rdc  oax 

and  R__,,(25  MHz)  as  follows: 

max 
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R 


R  (25  MHz)  -  R. 
max _  dc 

25  MHz  -  0 


f  +  R 


dc 


0.262  -  0.04  f  +  o.04 
25  x  106 

8.88  x  10'9f  +  4  x  10' 


(12) 


The  available  data  is  insufficient  to  analyze  the  accuracy  of  the  models 
resulting  from  these  two  alternatives.  However,  based  upon  the  analyses  of 
capacitor  modeling  techniques  presented  previously,  it  is  likely  that  the 
first  way  will  result  in  an  inaccurate  model.  Also,  it  is  concluded  that  the 
second  possibility,  even  though  it  is  probably  more  accurate  than  the  first, 
is  unlikely  to  result  in  an  accurate  model  since  both  values  of  R  used  in 
determining  the  equation  for  R  are  maximums. 

If  a  curve  of  Q  vs  f  is  given,  as  is  the  case  for  SI,  then  R  can  be  cal¬ 
culated  as  a  function  of  frequency  in  Step  4.  The  resulting  curve  of  R  vs  f 
can  then  be  approximated  by  a  straight  line  or  by  a  parabola.  A  second-order 
equation  describing  the  resistance  of  an  inductor  as  a  parabola  has  been 
set  forth  [7]  as  follows: 


R  =  L(k1  +  kgf2)  (13) 

where  L  =  cardinal  value  of  inductance, 
k1  =  a  dc  resistance  factor,  and 
kg  =  an  eddy  current  factor 

This  equation  as  applied  to  the  illustrative  example  becomes 

R  =  0.15  ♦  1.15  x  10“l6f2  (14) 


where  k1  and  kg  were  evaluated  using 

R(8  MHz)  =  157  nfl,  and 
R(50  MHz)  =  436  mQ 
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(These  two  values  of  R  were  calculated  from  the  values  of  Q  at  these  frequerv 
cies  as  determined  from  the  Q  vs  f  curve. )  The  model  resulting  from  this 
technique  is 


1.25  pF  * 


a 


The  Q  calculated  from  this  model  is  shown  as  dotted  line  "A"  in  Figure  10. 

TYPICAL  "Q"  VS  FREQUENCY 


Figure  10.  Calculated  Q  (line  "A")  for  Model  of  Inductor  SI 
Obtained  bv  Assuming  to  be  a  parabola. 

One  final  technique  for  modeling  induotors  when  a  curve  of  Q  vs  f  is 

given  has  been  documented  by  Bourns,  Inc.  [8] .  Using  this  technique,  the 

circuit  configuration  for  the  model  is 


R 


L 


where 


=  the  winding  loss 
oi  L 


max 


ax 


(15) 


R  =  the  core  loss 
c 


=  4  Q‘ 


max  w' 


and 


(16) 


L  and  C  are  determined  as  in  Steps  2  and  3  on  page  33.  That  is,  L  is  the 

cardinal  value  of  the  inductance  and  C  is  calculated  from  L  and  the  resonance 

frequency  (fD).  In  Equation  15,  <u  is  the  frequency  at  which  Q  is  a  maximum 
n  max 

and,  hence,  does  not  necessarily  correspond  to  f„. 


For  inductor  SI  in  the  preceding  example 

-  2tt(32  x  106)(0.1  x  10~6) 

w  “  2(82) 

-  122.6  mV 

and 


R  =  4(82)2(122.6  x  10~3) 
c 

*  3.3  k51 


Thus,  the  resulting  model  is  shown  above  with  the  following  values  for  the 
elements: 


L  =  0.1  yH 

C  =  1.25  pF 

R  =  122.6  mfi 
w 

Rc  =  3.3  kn 


The  total  Q  of  this  circuit  is  [8] 


Q 


Qw+  Qc 


(17) 


36 


where  =  wL/Rw  is  the  low  frequency  part  of  the  Q  vs  f  curve  and  Qq  =  Rc/wL 
is  the  high  frequency  part  of  the  Q  vs  f  curve.  This  total  Q  was  calculated 
and  is  plotted  as  dotted  line  "B"  in  Figure  1 1 . 

Figures  10  and  11  indicate  that  both  the  modeling  technique  using  a 
parabolic  representation  of  R  and  the  above  technique  provide  relatively 
accurate  approximations  to  the  Q  vs  f  curve.  However,  it  should  be  noted 
that  both  of  the  techniques  increase  the  complexity  of  the  resulting  model. 
The  former  requires  that  R  be  a  second-order  function  of  f  while  the  latter 
increases  the  element  count  in  the  model. 

In  summary,  the  direct  calculation  approach  can  be  used  to  model  essen¬ 
tially  all  the  inductors  surveyed  in  Appendix  A.  However,  there  is  insuffi¬ 
cient  manufacturers'  data  to  analyze  the  accuracy  of  the  resulting  models. 

For  approximately  20 %  of  the  surveyed  inductors,  a  Q  vs  f  curve  is  available. 
Various  approximation  techniques  can  be  used  to  determine  the  resistance 
of  the  model  from  this  curve  and  some  of  them  provide  a  relatively  accurate 
value  for  Q  as  a  function  of  frequency.  However,  their  impact  on  the  overall 
model  is  unknown  since  insufficient  data  describing  the  overall  characteris¬ 
tics  of  the  inductors  is  available  for  comparison. 


3.5  Modeling  and  Analysis  for  Resistors 

Approximately  two-thirds  of  the  resistor  manufacturers  surveyed  (see 
Appendix  A)  provide  data  that  yields  the  magnitude  of  impedance  as  a  function 
of  frequency.  The  various  forms  of  data  are  identified  in  Table  A-3  and 
examples  of  these  forms  are  given  in  Figure  A-3  of  Appendix  A.  This  data  is 
generally  labeled  as  "typical"  for  all  the  cardinal  values  of  a  given  type  of 
resistor  and,  in  some  instances,  this  data  is  only  given  for  a  limited  number 
(sometimes  one)  of  resistor  types.  Review  of  the  data  below  200  MHz  indicates 
that  except  for  large  cardinal  values  of  resistance  the  information  on  the 
impedance  curves  is  not  enough  to  model  the  resistor  as  more  than  an  ideal 
resistor.  Above  200  MHz,  the  data  provided  by  manufacturers  is  typically  in 
the  form  of  |z|vs  (f  x  R)  curves;  it  was  available  for  less  than  \5$  of  the 
resistors  examined.  The  impedance  curves  that  are  given  in  the  form  of  |z| 
vs  (f  x  R)  can  be  used  to  obtain  the  |z|  vs  f  curve  up  to  frequencies  higher 
than  one  gigahertz,  depending  on  the  cardinal  value  of  the  resistor.  (For 
smaller  cardinal  values,  the  upper  frequency  for  which  the  curve  applies 
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TYPICAL  "Q"  VS  FREQUENCY 
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FREQUENCY  IN  MEGAHERTZ 

Figure  11.  Calculated  Q  (line  "B")  for  Model  of  Inductor  SI  Obtained 

by  Assuming  the  Existence  of  Two  Constant-Value  Resistors 

(R  and  R  )  in  the  Model, 
w  c 


is  higher.)  Again,  it  is  noted  that  this  data  must  be  "typical"  since  only 
one  curve  is  given  generally  for  all  cardinal  values  and  all  power  ratings 
of  a  type  of  resistors. 

Resistors  U ( 1  and  2),  V(1  and  2),  and  Y(1  and  2)  (see  Appendix  B)  were 

selected  as  resistors  with  manufacturers  data  that  is  representative  of  the 

three  forms  of  impedance  data  illustrated  in  Figure  A-3.  Resistors  U1  and 

U2  are  lOOfl  and  100  kft,  respectively,  lA-watt  Allen-Bradley  Type  CB  hot 

molded  (carbon)  composition  resistors.  Their  available  impedance  data  is 

in  the  form  of  curves  of  the  ratio  of  I Z I  to  R.  versus  the  nominal  R.  for 

'  '  dc  dc 

various  frequencies  (i.e.,  (|zj  vs  Rdc)  §  f's  in  Table  A-3).  This  data, 
plus  the  data  for  the  1  kfi,  10  kft,  and  1  MJ2  resistors  of  the  same  type,  are 
replotted  in  the  more  convenient  (for  modeling)  form  of  |Z|  vs  f  in  Figure 
12.  Impedance  curves  with  this  general  shape  (i.e.,  a  constant  jzj  at  the 
lower  frequencies  and  a  decreasing  ]z|  with  increasing  f  at  the  higher  fre¬ 
quencies)  imply  a  canonic  model  in  the  form  of  an  ideal  resistor  in  parallel 
with  an  ideal  capacitor  for  a  model.  The  ideal  resistor  produces  the  low 
frequency  part  of  the  curve  where  jZ|  is  constant  while  the  capacitor  deter¬ 
mines  the  high  frequency  part  where  |Z|  is  decreasing  with  frequency.  The 
engineering  approximation  steps  for  determining  the  values  of  the  ideal  resis¬ 
tor  and  capacitor  are  as  follows: 

Step  1.  Draw  a  horizontal  asymptote  to  the  curve  at  low  frequencies. 

This  asymptote  represents  the  behavior  of  the  ideal  resistor. 
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2.  Locate  which  is  the  frequency  at  which  the  low  frequency 

asymptote  and  the  |Z|  curve  differ  by  3  dB.  (In  Figure  12, 
the  |Z|  curve  for  the  100  kft  resistor  is  3  dB  below 
(i.e.,  0.707  of)  the  horizontal  asymptote  at  5.7  MHz.  Thus, 
f3  dB  =  5.7  MHZ.) 

3.  Draw  a  straight  line  with  a  slope  of  -6  dB/octave  (-20  dB/decade) 
that  intersects  the  horizontal  low  frequency  asymptote  at 
^3  dB"  (This  line  should  be  asymptotic  to  the  high  frequency 

part  of  the  impedance  curve. )  This  line  represents  the  reac¬ 
tance  of  the  ideal  capacitor  (Xq  =  1/wC)  in  the  model  and, 

thus,  the  value  of  C  can  be  calculated  as  C  =  1/^X  . 

c 

Insufficient  data  is  available  in  Figure  12  to  model  the  parasitics 
of  resistor  U1  (100  ft)  beyond  an  ideal  resistor  of  100  ft.  Therefore,  the 
three  steps  above  were  applied  to  resistor  U2  (100  kft)  and  the  1  Ml  resistor. 

(The  resulting  "asymptotes"  are  shown  as  dotted  straight  lines  in  Figure  12.) 

The  straight  line  above  f^  that  decreases  at  6  dB/octave  is  not  asymptotic 
to  the  high  frequency  part  of  the  |z|  curve.  Even  so,  the  technique  was 
carried  on  through  to  define  a  "model"  for  resistor  U2.  For  example,  the 
straight  lines  drawn  for  resistor  U2  were  used  to  calculate  the  value  of  R 
and  C  as  100  k  1  and  0.27  pF,  respectively.  Next,  the  impedance  of  this  "model" 
was  calculated  as  a  function  of  frequency  and  plotted  in  Figure  12  as  a  dotted 
curve  with  circles  on  it.  As  expected,  this  calculated  Izl  curve  is  tangent 
to  the  straight  line  approximations  but  is  not  an  accurate  representation 
of  the  manufacturer's  |z|  curve  at  frequencies  above  approximately  10  MHz. 
Consequently,  it  was  concluded  that  this  type  of  data  is  not  adequate  for 
modeling  purposes. 

The  available  impedance  data  for  resistors  VI  and  V2  and  resistors  Y1 
and  Y2  are  replotted  as  solid  curves  in  the  form  of  |z|  vs  f  in  Figures  13 
and  14,  respectively.  Data  for  other  cardinal  values  are  also  included  on 
each  graph.  The  three  steps  described  above  were  applied  to  these  curves. 

The  resulting  approximations  are  shown  as  dotted  lines  on  the  curves.  Unfor¬ 
tunately,  the  -6  dB/octave  lines  are  not  asymptotic  to  any  of  the  curves. 
Therefore,  it  appears  that  the  manufacturers'  curves  for  resistors  do  not 
support  the  generation  of  simple  models.* 

* 

Task  2  measurements  -  see  Sec.  4.0  -  showed  that  most  resistors  can  indeed 
be  represented  by  simple,  three-element  models. 


Step 


Step 
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Modeling  and  Analysis  Data  for  V-type  Resistors 


Figure  14.  Modeling  and  Analysis  Data  for  Y-type  Resistors. 


For  all  of  the  resistors  examined,  the  difference  between  the  straight 
line  approximations  with  a  -6  dB/octave  slope  and  the  |z|  curves  may  be  due 
to  a  combination  of  the  following: 

o  In  general,  the  small  size  and  lack  of  resolution  of  the  manufac¬ 
turers'  curves  prevent  reading  data  accurately  from  these  curves. 

o  The  manufacturers  curves  are,  in  general,  labeled  as  "typical" 

and  are  intended  to  show  the  general  shape  of  the  impedance  charac¬ 
teristics  for  a  large  class  of  resistors  and,  thus,  are  not  intended 
to  accurately  depict  any  single  component. 

o  The  ordinate  axis  of  the  manufacturers'  curves  are  normally  given 
in  percent  of  Rdc-  Hence,  the  top  half  of  the  ordinate  axis  repre¬ 
sents  only  6  dB  on  a  log  scale,  the  top  90$  represents  only  10 
dB,  while  the  bottom  10$  represents  several  tens  of  dB.  Therefore, 
the  { Z  j  curve  in  percent  of  Rdc  is  distorted  relative  to  the  |z| 

curve  in  dB  which  is  most  appropriate  for  modeling.  Replotting 
this  type  of  curve  can  introduce  errors. 


In  summary,  the  resistor  data  available  from  manufacturers  in  general 
only  covers  a  limited  frequency  range.  Even  the  data  that  is  available  does 
not  lend  itself  to  the  generation  of  simple  models. 


3.6  Observations  Relative  to  the  Modeling  of  Components  Using  Available  Data 

During  the  Task  1  modeling  and  analysis  effort  using  data  available 
from  the  manufacturers,  several  observations  were  made.  These  observations 
are  summarized  as  follows: 

o  Of  the  53  components  suggested  for  consideration  on  Task  1 ,  the 
available  data  for  only  51$  could  be  completely  modeled  with  the 
direct  engineering  approach.  This  approach  could  be  used  to  partially 
model  38$  of  the  selected  components,  but  could  not  be  used  with 
the  available  data  for  11$  of  the  components. 

o  The  available  data  for  only  15$  of  the  suggested  components  could 
be  completely  modeled  with  the  engineering  approximation  approach. 

This  approach  could  be  used  to  partially  model  25$  of  the  components 
and  could  not  be  used  with  the  available  data  for  60$  of  the  compo¬ 
nents. 

o  When  either  approach  is  used  to  model  capacitors,  the  resulting 

parallel  resistance  (Rp)  can  generally  be  eliminated  from  the  model 

since  normally  Rp  is  much  greater  than  the  series  resistance  and 

the  capacitive  reactance  that  is  in  parallel  with  Rp. 
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o  Use  of  the  direct  calculation  modeling  approach  for  capacitors 

typically  produces  an  inaccurate  model  at  higher  frequencies  since 
the  series  resistance  (FO  is  calculated  from  the  dissipation  factor 
(DF)  at  120  Hz.  This  R  is  assumed  to  be  a  constant  and  its  value 
is  generally  much  greater  than  the  minimum  value  of  Z.  Thus,  large 
errors  occur  at  the  higher  frequencies  where  the  [z|  curve  goes 
through  a  minimum. 

o  The  accuracy  of  the  models  resulting  from  the  use  of  the  direct 
calculation  approach  with  available  inductor  and  resistor  data 
is  not  expected  to  be  significantly  improved  over  that  obtained 
for  capacitors.  Unfortunately,  the  information  provided  by  the 
manufacturers  is  not  sufficient  to  check  this  hypothesis;  however, 
the  reasons  for  these  inaccuracies  in  the  capacitor  models  should 
also  apply  to  the  inductor  and  resistor  model.  The  major  difference 
is  expected  to  be  the  frequencies  at  which  the  inaccuracies  occur. 

o  A  curve  of  impedance  versus  frequency  ( |Z |  vs  f)  appears  to  be 

the  most  appropriate  type  of  data  for  modeling  passive  components. 

o  In  general,  only  a  few  manufacturers  have  |z|  vs  f  data  available 
and,  when  it  is  available,  it  is  typically  only  for  a  limited  fre¬ 
quency  range. 

o  In  general,  |z|  vs  f  type  data  is  available  only  for  electrolytic 
capacitors  and  for  resistors. 

o  For  electrolytic  capacitors,  the  |z|  vs  f  data  is  available  only 

for  a  small  percentage  of  the  cardinal  values  of  a  given  type  capa¬ 
citor  and  is  generally  labeled  as  "typical." 

o  For  the  resistors,  the  |z|  vs  f  data  is  generally  "typical"  for 
all  cardinal  values  of  a  given  type  component. 

o  Many  of  the  |z|  vs  f  curves  available  from  manufacturers  are  rela¬ 
tively  small  physically.  Thus,  it  is  difficult  to  read  them  accu¬ 
rately.  For  example,  an  error  of  0.5  mm  in  reading  the  curve  for 
Comronent  A1  results  in  an  error  of  approximately  15%  in  the  value 
of  the  impedance.  Similarly,  an  error  of  1  mm  is  equivalent  to 
a  30%  error.  Thus,  some  of  the  inaccuracy  in  the  resulting  model 
can  be  due  to  errors  in  reading  the  manufacturers  curves. 

o  When  a  component  can  be  modeled  using  manufacturers'  data,  the 
resulting  model  necessary  to  obtain  relatively  accurate  results 
is  a  fairly  simple  model.  In  general,  it  has  at  most  three  ideal 
elements. 

o  Capacitors  that  have  a  | Zj  vs  f  curve  for  a  high  enough  frequency 
range  can  be  accurately  modeled  as  an  RLC  series  circuit  where: 

•  C  is  the  cardinal  value 
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*  L  is  determined  from  the  resonance  frequency  which  is  deter¬ 
mined  as  the  intersection  of  the  low  (-6  dB/octave)  and  high 
(+6  dB/octave)  frequency  asymptote  to  the  given  curve 

(-k  ) 

•  R  is  a  function  of  frequency  of  the  form  2  . 

o  The  capacitor  model  can  be  simplified  by  assuming  the  series  resis¬ 
tor  to  be  a  constant  that  is  equal  to  the  minimum  value  of  the 
|z|  vs  f  curve;  however,  this  assumption  reduces  the  model  accuracy. 

o  In  general,  inductors  and  resistors  either  can  not  be  accurately 
modeled  using  available  data  or  the  available  data  is  insufficient 
to  determine  the  accuracy  of  the  resulting  model. 
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4.0  MODELING  AND  ANALYSIS  OF  MEASURED  DATA  (TASK  2) 


The  survey  and  classification  of  manufacturers*  data  on  Task  1  showed 
that  the  type  of  data  appropriate  for  modeling  passive  components,  including 
their  parasitics,  is  only  available  over  a  limited  frequency  range  for  a 
small  number  of  components.  For  this  reason,  Task  2  was  directed  toward 
extending  the  modeling  techniques  to  1  GHz  using  measured  data.  Thus,  the 
specific  steps  on  this  task  included  defining  the  n  propriate  data  requirements, 
developing  measurement  techniques  for  obtaining  this  data,  selecting  and 
measuring  specific  components,  and  developing  and  analyzing  modeling  techniques 
for  use  with  the  measured  data. 

Based  on  the  results  of  Task  1 ,  it  was  decided  that  the  most  appropriate 
data  for  modeling  passive  components  is  a  curve  of  impedance  as  a  function 
of  frequency.  This  type  of  data  completely  describes  the  characteristics 

of  the  component;  it  is  appropriate  for  use  with  the  engineering  approximation 

» 

modeling  approach  (see  Sec.  2);  and  it  is  straightforward  to  obtain.  In 

fact,  potential  measurement  techniques  appropriate  for  determining  |z|  from 

*« 

5  Hz  to  1  GHz  were  identified  and  analyzed  on  this  task.  (Appropriate 
measurement  technique?  -are  described  in  Append!*  C. ) 

A  total  of  68  capacitors,  inductors,  and  resistors  were  selected  for 
measurement  on  Task  2  (see  Appendix  D).  Using  the  measurement  techniques 
discussed  in  Appendix  C,  the  magnitude  and  phase  of  the  complex  impedance 
(|z|  and  0^)  were  measured  for  each  of  the  selected  components.  The  measured 
data  from  the  various  instruments  were  combined  into  single  graphs  from  5  Hz 
to  1  GHz  for  | Z |  and  The  resulting  |z|  vs  f  curves  were  then  grouped 

according  to  their  frequency  characteristics.  Finally,  in  order  to  reduce 
the  amount  of  data  handling,  a  representative  component  was  selected  from 
each  group.  (The  definition  of  the  various  groups  and  the  selected  components 


# 

In  task  1,  it  was  shown  that  this  modeling  approach  provided  more  accurate 
models  than  the  direct  calculation  modeling  approach.  Therefore,  the  engi¬ 
neering  approximation  approach  was  used  exclusively  on  Task  2. 

•* 

The  lower  frequency  of  5  Hz  was  used  because  of  limitations  of  the  measure¬ 
ment  instrument;  however,  if  required,  the  |z|  vs  f  curve  can  be  extrapolated 
down  to  1  Hz. 


''••nd  'o  Appendix  1).  Tbn  associated  |zj  vs  f  curves  are  presented 

« 

*/  of  figures  !)-1  through  D-17.) 

'  of  the  three  types  of  components,  the  |z|  vs  f  curves  in  Appendix 

** 

c>.:  general  iced  to  produce  generic  curves.  These  generic  curves 
■  '  led  to  illustrate  the  application  of  engineering  approximation  to  the 

..'".i  aala.  The  generic  |z|  curves  for  the  measured  capacitors,  inductors, 

••  -  h • stors  are  given  in  Figures  15,  16,  and  17,  respectively.  (Note  that 
generic  curves  are  required  to  represent  the  resistor  data.)  Variations 


t->  curves  resulting  from  the  measured  data  have  discontinuities  at  the 
nr  frequencies  where  the  various  measurement  systems  overlap,  particularly 
.>■’  UK:  reflectometer , system  (e.g. ,  see  the  representative  curves  given  in 
.  .  ..  ndix  D) .  It  appears  that  the  discrepancies  in  the  measured  data  are  due 
ho  different  parasities  associated  with  the  various  instrumentation  sys- 
•.  ,  f hei r  cablings,  and  the  component  mounts.  These  instrumentation  para- 

-  vi  will  exist  at  all  frequencies  even  though  their  effects  are  observed 
y  at,  the  common  measurement  frequencies.  The  presence  of  these  parasities 
vousicered  to  be  responsible  for  the  resonance  behavior  exhibited  by  some 
the  measured  impedance  curves  obtained  with  the  reflectometer  system.  This 
union  is  supported  by  the  existence  of  parallel  resonance  peaks  (between 
parasitic  inductance  of  the  reflectometer  system  and  component  stray 
«Mpv.e..i  tanoe)  iri  data  obtained  (below  500  MHz)  with  the  reflectometer  but  not 
in  unta  obtained  with  the  network  analyzer.  A  preliminary  analysis  of  these  > 
rust tics  and  potential  methods  of  removing  their  effects  are  described  in 
Ippondi::  E.  It  appears  that  the  measured  data  used  to  develop  the  modeling 
techniques  in  this  section  includes  these  instrumentation  parasities.  How- 
v  .  the  techniques  developed  for  modeling  the  data  are  valid  independent 
of  f no  source  of  the  data.  Whether  the  parasities  indicated  by  the  data 
and,  thus,  in  the  resulting  model  are  due  to  the  component-under-test  or  the 
instrumentation  is  irrelevant  as  far  as  developing  the  modeling  techniques 
ur.  ".•his  program  is  concerned.  The  initial  analysis  in  Appendix  E  indicates 
that  it  is  feasible  to  account  for  the  instrumentation  parasities  and  analy- 
>.  -'oaily  reduce  their  effects  on  the  measured  data;  however,  these  instrumen¬ 
tation  parasities  need  to  be  measured  in  greater  detail  and  a  more  thorough 
investigation  of  these  analytical  procedures  is  necessary  prior  to  using 
any  of  the  potentially  feasible  data  correction  techniques.  For  this  reason, 
modeling  techniques  were  developed  on  this  task  using  the  measured  data  as 
i.s.  At  points  of  discontinuity,  the  discrepancy  was  either  ignored  by  aver¬ 
aging  the  various  curves  or  one  of  the  curves  was  selected  for  use  in  the 
modeling  and  analysis.  In  general,  when  other  data  was  in  disagreement  with 
the  reflectometer  data,  the  other  data  was  used. 

There  are  three  exceptions  in  Appendix  D  to  the  generic  curves.  The  tech- 
iiloueo  for  refining  the  models  for  these  exceptions  are  described  in  Appendix 
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Figure  15.  Generic  Curve  of  the  Magnitude  of  Impedance 
of  the  Measured  Capacitors  and  Configuration 
of  the  Resulting  Model. 


Figure  16.  Generic  Curve  of  the  Magnitude  of  Impedance 
of  the  Measured  Inductors  and  Configuration 
of  the  Resulting  Model. 


in  these  generic  curves  do  occur  for  different  groups  of  components.  Typically 
these  variations  involve  the  locations  of  the  resonance  frequencies  and  the 
sharpness  of  the  curves  at  these  resonances,  e.g.,  see  the  dotted  curves 
on  Figure  15. 

These  impedance  curves  can  be  modeled  using  the  engineering  approximation 
approach.  The  resulting  models  consist  of  ideal  capacitors  (C),  inductors 
(L),  and  resistors  (R).  The  curves  are,  thus,  approximated  by  asymptotes 
with  slopes  of  -6  dB/octave  representing  ideal  capacitors  (lines  "A"  in  Figures 
15,  16,  and  17),  slopes  of  +6  dB/octave  depicting  ideal  inductors  (lines  "B"), 
and  slopes  of  zero  (horizontal  line)  for  ideal  constant- valued  resistors 
(lines  "C").  These  asymptotic  approximations  for  the  basic  generic  curves 
are  illustrated  in  Figures  15,  1 6 ,  and  17.  The  relative  changes  in  the  slopes 
of  these  asymptotes  with  increasing  frequency  determines  the  configuration 
in  which  the  ideal  components  are  interconnected.  The  criteria  are  listed 
in  Table  5.  It  should  be  noted  that  when  the  change  in  slope  is  in  a  positive 
direction  (i.e.,  to  a  more  positive  slope)  the  configuration  is  a  series 
circuit  while  a  slope  change  in  the  negative  direction  indicates  a  parallel 
configuration. 

To  accurately  model  the  generic  curves,  the  following  guidelines  are 
applied: 

o  The  asymptotes  for  an  ideal  capacitor  and  an  ideal  inductor  inter¬ 
sect  at  the  resonance  frequency  (fR). 

TABLE  5 


MODEL  CONFIGURATION  SELECTION  CRITERIA 


Change  in  Slope 
with  Increasing  Frequency 

Indicated  Configuration 
of  Model  Components 

From 

To 

-6  dB/octave 

zero 

Series  CR  circuit 

-6  dB/octave 

+6  dB/octave 

Series  resonant  LC  circuit 

zero 

+6  dB/octave 

Series  RL  circuit 

♦6  dB/octave 

-6  dB/octave 

Parallel  resonant  LC  circuit 

zero 

-6  dB/octave 

Parallel  CR  circuit 

o  The  asymptotes  for  an  ideal  resistor  and  an  ideal  inductor  or  capa¬ 
citor  intersect  at  the  break-point  frequency  (f^  dfi)  where  the 

difference  between  the  asymptotes  and  the  actual  curve  is  3  dB  [5]. 

o  The  3  dB  bandwidth  of  a  peak  or  null  determines  the  quality  factor 
(Q)  at  that  resonance  and,  hence,  the  associated  resistance. 

o  The  value  of  the  1 2  I  curve  at  a  series  resonance  (i.e.,  a  minimum) 
is  the  value  of  the  series  resistance  of  the  model  at  the  resonance  . 
frequency. 

Based  on  the  above  criteria,  models  for  each  of  the  generic  curves  were 
determined.  The  configurations  of  the  resulting  models  are  also  presented 
in  Figures  15,  16,  and  17.  The  component  values  for  these  models  are  deter¬ 
mined  as  follows: 

o  The  asymptotes  representing  ideal  capacitors  (with  slopes  of 

-6  dB/octave)  are  plots  of  Xc  =  1/wC  versus  f.  Thus  at  any  fre¬ 
quency,  Xc  can  be  determined  from  this  straight  line  and  the  value 
of  C  can  be  calculated. 

o  The  asymptotes  representing  ideal  inductors  (with  slopes  of 

+6  dB/octave)  are  plots  of  XL  =  u>L  versus  f.  Thus,  at  any  frequency, 

XL  can  be  determined  from  this  straight  line  and  the  value  of  L 

can  be  calculated. 

o  The  asymptotes  representing  ideal  constant-value  resistors  (zero 
slope)  are  plots  of  the  constant  R  versus  f.  Therefore,  R  can 
be  determined  directly  from  this  horizontal  line. 

Using  the  above  guidelines,  the  representative  components  were  modeled. 

The  modeling  techniques  as  well  as  the  resulting  models  were  analyzed  in 
detail.  The  results  of  this  modeling  and  analysis  effort  are  presented  in 
Figures  D-1  through  D-17.  The  (a)  part  of  each  figure  in  Appendix  D  is  the 
|z|  vs  f  curve  with  the  ideal-component  asymptotes  used  in  the  modeling  tech¬ 
niques  described  above.  The  resulting  model  configuration  and  ideal-component 
values  are  also  given  on  this  part  of  the  figure.  In  analyzing  the  modeling 
techniques  and  the  resulting  models,  the  |zj  of  the  model  was  calculated 
as  a  function  of  frequency.  The  calculated  data  points  are  also  plotted 
on  the  (a)  part  of  each  Appendix  D  figure.  In  general,  the  difference  between 
these  two  curves  is  small  except  near  resonances  implying  that  the  model 
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is  at  —ate  except  in  the  vicinity  of  a  resonance.  As  a  measure  of  this 
difference,  which  is  defined  as 


^calculated 

-  j 

^measured 

Zmeasured 

x  100% 


(18) 


was  calculated  for  each  model.  This  curve  is  given  as  the  (b)  part  of  each 
figure  in  Appendix  D  for  which  a  model  was  determined.  If  the  measured  data 
is  defined  as  the  correct  value,  then  the  ez's  are  indications  of  the  errors 
resulting  from  use  of  the  models,  i.e.,  small  ez's  implies  that  the  models 
are  accurate.  Review  of  these  curves  indicate  that,  in  general,  the  difference 
between  the  |Z|  measured  for  the  component  and  the  |z|  calculated  from  the 
resulting  model  are  less  than  20$,  except  in  the  vicinity  of  a  resonance. 

In  fact,  the  differences  in  many  cases,  with  the  above  noted  exception,  were 
less  than  10$.  Therefore,  it  appears  that  this  modeling  technique  (based 
on  the  criteria  presented  previously)  results  in  a  simple,  accurate  three- 
element  model. 

Using  the  above  modeling  technique,  the  remaining  measured  |Z|  curves 
were  modeled  to  determine  the  range  of  the  values  of  the  elements  in  the 
models.  Since  the  detailed  analysis  above  indicates  that  this  modeling  tech¬ 
nique  results  in  simple,  acccurate  models,  the  models  resulting  from  all 
the  measured  data  were  not  analyzed.  The  pertinent  parameters  resulting 
from  the  modeling  of  the  |Z|  vs  f  curves  for  29  capacitors,  14  inductors, 
and  25  resistors  are  given  in  Tables  6,  7,  and  8,  respectively.  (Character¬ 
istic  models  for  each  of  these  types  of  components  are  illustrated  in  Figures 
15,  16,  and  17,  respectively.)  Table  6  indicates  that  for  the  measured  capaci¬ 
tors  the  series  inductance  (L)  in  the  model  range  from  18  to  39  nH  (the  majority 
are  between  25  and  30  nH)  with  a  mean  value  of  27.2  nH.  Similarly,  the  values 
of  the  series  resistance  (R)  range  from  0.13  to  6.8 0  with  over  80%  between 
0.5  and  1.3.  The  mean  value  of  these  R?s  is  1.050.  Therefore,  the  data 
on  the  majority  of  the  measured  capacitors  can  be  modeled  fairly  accurately 
as  the  cardinal  capacitance  in  series  with  a  27  nH  inductor  and  a  1  1  resistor. 


It  is  to  be  noted  that  the  effects  of  instrumentation  parasitics  are  embedded 
in  the  derived  parameters.  See  also  discussion  in  Appendix  E. 
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RESULTING  MODEL  ELEMENTS  AND  DATA  PARAMETERS  FOR  MEASURED  CAPACITORS 


(Continued) 


RESULTING  MODEL  ELEMENTS  AND  DATA  PARAMETERS  FOR  MEASURED  CAPACITORS 


(Continued) 


RESULTING  MODEL  ELEMENTS  AND  DATA  PARAMETERS  FOR  MEASURED  CAPACITORS 


Polyester  1000  pF  Nytronics  982.4  pF 

111B102K 


RESULTING  MODEL  ELEMENTS  AND  DATA  PARAMETERS  FOR  MEASURED  INDUCTORS 


RF,  Molded,  100  pH  Nytronic 

Shielded  WEE-100 


RESULTING  MODEL  ELEMENTS  AND  DATA  PARAMETERS  FOR  MEASURED  INDUCTORS 


RESULTING  MODEL  ELEME 


(Continued) 


RESULTING  MODEL  ELEMENTS  AND  DATA  PARAMETERS  FOR  MEASURED  RESISTORS 


Table  7  shows  that  in  general  the  parallel  capacitance  and  the  series 
resistance  in  the  models  of  the  measured  inductors  both  increase  with  increasing 
cardinal  inductance  as  follows: 


Cardinal 


Inductance 

Parallel  C 

Series 

(pF) 

(1) 

0.1  pH 

1.3 

0. 17 

0.47  pH 

1.5 

0.1 

0.47  pH 

1.5 

0.16 

0.68  pH 

1.5 

0.47 

1  pH 

1.8 

0.03 

55  pH 

2.2 

0.79 

100  pH 

2.3 

2.5 

100  pH 

2.5 

1.6 

100  pH 

3 

3.5 

120  pH 

2.2 

8.9 

1.2  mH 

2.3 

15.6 

3-9  mH 

4.4 

17.3 

10  mH 

4 

62. 1 

100  mH 

7.6 

382.5 

Thu3f  specific  ranges  of  inductors  can  be  modeled  fairly  accurately  with 
values  of  C  and  values  of  R  as  follows: 


Range  of  Cardinal 

Values  of  Inductors  Parallel  C  Series  R 

(pF)  (fl) 

0.1  to  1  pH  1.5  0.17 

1  to  100  pH  2.2  1.5 

100  pH  to  1  mH  2.3  5 

1  mH  to  10  mH  4  • 

10  mH  to  100  mH  ••  • 


Except  for  the  wirewound  resistors,  the  data  in  Table  8  indicates  that 
the  series  Inductance  in  the  models  of  the  measured  resistors  was  approxi¬ 
mately  20  nH.  The  series  Inductance  for  the  wirewound  resistors  varied  con¬ 
siderably  with  the  cardinal  value  and  power  rating.  Similarly,  the  parallel 
capacitance  of  all  the  measured  resistors  varied  from  1.22  to  2.27  pF  with 


Representative  value  can  not  be  determined. 

•• 

Insufficient  data. 
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a  mean  value  of  1.6  pF.  Therefore,  except  for  the  wirewound  resistors,  a 
relatively  accurate  model  of  the  measured  resistors  appears  to  be  a  1.6  pF 
capacitor  in  parallel  with  a  series  combination  of  a  20  nH  inductor  and  the 
cardinal  resistance. 
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5.0  RECOMMENDED  MODELING  TECHNIQUES 


The  modeling  and  analyses  based  on  data  available  from  the  manufacturers 
(Task  1)  and  data  measured  in  the  laboratory  (Task  2)  have  identified  the 
most  appropriate  techniques  for  modeling  passive  components.  The  identified 
modeling  techniques  depend  on  the  type  of  data  being  used  and-  the  type  of 
component  being  modeled.  These  recommended  modeling  techniques  are  summarized 
as  follows: 


5.1.  Capacitors 

1.  No  Available  Data  -  use  the  following  model: 

n  .  27  nH 

— vw— )  | — nnflnh — 

^cardinal 

2.  Available  Data  Does  Not  Include  1 Z |  vs  f  Curve  -  This  category 
includes  essentially  all  the  capacitors  with  data  available  from 
manufacturers  except  for  electrolytics.  The  only  model  that  can 
be  developed  from  this  data  is  the  cardinal  value  of  capacitance 

in  series  with  the  resistance  calculated  from  the  dissipation  factor. 
(Since  it  has  been  shown  that  this  model  is  inaccurate  at  high 
frequencies  (see  Sec. 3 -2. 1 .2) ,  it  may  be  advisable  to  use  the  model 
in  1  above  where  only  this  type  data  is  provided.) 

3.  Available  Data  Includes  \Z\  vs  f  Curve  -  For  the  majority  of  the 
electrolytic  capacitors,  manufacturers  provide  a  limited  amount 
of  data  in  this  category.  Also,  if  measurements  are  performed 
on  capacitors,  an  impedance  curve  is  the  most  appropriate  data 
to  measure.  Capacitors  with  l Z 1  vs  f  data  available  are  modeled 
as  follows: 

o  Draw  low  frequency  and  high  frequency  asymptotes  to  the  curve 
with  slopes  of  -6  dB/octave  and  +6  dB/octave,  respectively. 

o  Use  a  configuration  for  the  model  of 


* 

The  fixed  component  values  (representing  parasitic  effects)  in  the  models 
which  are  given  for  use  when  no  (or  insufficient)  data  is  available  include 
the  effects  of  the  parasitics  inherent  to  the  measurement  systems  used  on 
this  program.  The  existence  of  these  instrumentation  system  effects  should 
be  considered  when  using  these  models.  Upon  determination  of  the  magnitude 
of  the  parasitics  for  a  particular  measurement  system,  these  fixed  values 
should  be  adjusted  (see  Appendix  E). 
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I — nnrcir — 


Determine  the  value  of  C  from  the  low  frequency  asymptote. 

If  this  calculated  C  is  within  the  tolerance  of  C  . .  , , 

useC  . ,  cardinal' 

cardinal 


o  Determine  the  value  of  L  from  the  high  frequency  asymptote 
or,  as  an  alternative,  determine  the  resonant  frequency  as 
the  intersection  of  the  two  asymptotes,  and  then  calculate 
L  from  the  resonance  frequency. 

o  If  the  | Z |  vs  f  curve  is  symmetrical  about  on  log-log 

graph  paper,  use  the  value  of  Zmin  as  R.  If  the  |z|  vs  f 

curve  is  unsymmetrical  then  the  method  in  Appendix  F  must  be 
used  to  determine  R  as  a  function  of  frequency. 

5.2.  Inductors 

1.  No  Available  Data  -  Model  the  inductor  as: 


cardinal 

where  the  values  of  R  and  C  depend  on  the  value  of  L  ..  .  as 

follows:  cardinal 


^cardinal 

C 

R 

(uH) 

(pF) 

(3) 

0.1  to  1.0 

1.5 

0.17 

1.0  to  100 

2.2 

1.5 

100  to  1000 

4 

5 

Other  values  of  inductors  in  this  category  can  not  be  modeled  with¬ 
out  additional  data. 

Available  Data  Does  Not  Include  i Z 1  vs  f  Curve  -  This  category 
includes  all  the  inductors  with  data  available  from  manufacturers. 
Other  than  the  model  in  1  above,  the  only  model  that  can  be  deter¬ 
mined  from  this  category  of  data  is  as  follows: 
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o  Assume  the  configuration  of  the  model  is  the  same  as  in  1  above. 


o  Assume  the  inductance  is  L  . .  , . 

cardinal 

o  Calculate  C _  from  the  minimum  resonance  frequency  (f, 

max 

given  by  the  manufacturer. 


R  min 


) 


o  If  no  data  related  to  the  quality  factor  (Q)  is  given,  assume 

that  R  is  R .  . 

dc 

o  If  Qmin  @  is  given  and  a  curve  of  Q  vs  f  is  not  given,  cal¬ 
culate  R„„„  €  fj  from  Q_.  . 
max  l  min 

o  If  a  curve  of  Q  vs  f  is  given,  use  one  of  the  following  alterna¬ 
tives: 


-  Calculate  and  plot  R  vs  f  from  Q  vs  f  using  the  equations  in 
Step  4  of  Sec.  3.4.  Then  approximate  the  R  vs  f  curve  as  a 
parabola  (as  described  in  the  paragraphs  following  Step  4  of 
Sec.  3.4).  Note  that  R  is  a  second-order  function  of  frequency. 


-  Add  another  resistor  so  that  the  configuration  of  the  model 
becomes  C 


r~ 

J — VQQQQ> — I — WV 


Lcardinal  Rw 

where  R  (the  winding  loss)  and  R  (the  core  loss)  are  calcu- 
w  c 

lated  from  the  Q  vs  f  curve  as  illustrated  in  Sec.  3.4. 


3.  Available  Data  Does  Include  I  Zl  vs  f  Curve  -  Inductors  will  have 
to  be  measured  to  place  them  in  this  category.  They  should  be 
modeled  as  follows: 


o  Draw  asymptotes  to  curve  as  shown  in  Figure  16. 
o  Use  the  following  model: 


awnp — 

L 
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o  Determine  the  value  of  L  from  the  -*-6  dB/octave  asymptote  before 

the  first  resonance.  If  this  calculated  L  is  within  the  tolerance 

of  Cardinal’  use  Cardinal  * 

o  Determine  the  value  of  C  from  the  -6  dB/octave  asymptote. 

o  Determine  the  value  of  R  from  the  value  of  the  asymptote  with 

zero  slope  at  low  frequencies.  This  R  should  be  R.  . 

dc 

o  Determine  Lg  from  the  +6  dB/octave  asymptote  above  the  second 
resonance. 


5.3.  Resistors 

1.  No  Available  Data  -  Except  for  wirewound  resistors,  model  as 


1.6  pF 

-Hl- 


— L'Tunnp- 


20  nH 


cardinal 


(Without  additional  data,  wirewound  resistors  can  not  be  completely 
modeled  in  this  way  because  the  value  of  the  inductance  is  not 
known.  The  configuration  of  the  models  and  the  values  of  the  R 
and  C  for  wirewound  resistors  are  the  same  as  above;  however,  the 
value  of  the  inductor  in  the  model  can  not  be  determined  for  these 
resistors  unless  some  additional  data  is  obtained.) 

i  i  • 

2.  Available  Data  Does  Not  Include  I Z |  vs  f  Curve  -  This  category 

includes  approximately  one-third  of  the  surveyed  resistors.  Resis¬ 
tors  in  this  category  should  be  modeled  as  if  no  data  exists. 


3-  Available  Data  Does  Include  1 Z |  vs  f  Curve  -  Approximately  two- 
thirds  of  the  surveyed  resistors  had  some  form  of  data  that  gives 
the  impedance  as  a  function  of  frequency;  however,  the  data  does 
not  appear  to  conform  to  the  identified  modeling  approaches  (see 
Sec.  3-5  for  possible  explanations).  Therefore,  this  data  from 
the  manufacturers  does  not  support  the  techniques  described  herein 
and,  at  present,  the  best  approach  appears  to  be  either  use  1  above 
or  measure  )Z)  vs  f.  Resistors  for  which  |z|  vs  f  has  been  measured 
are  modeled  as  follows: 

o  Draw  asymptotes  to  the  Izl  vs  f  curve  with  slopes  of  0,  +6,  and/or 
-6  dB/octave  as  illustrated  in  Figure  17. 


Here  |z|  vs  f  represents  any  form  of  impedance  a3  a  function  of  frequency 
as  discussed  in  Appendix  A. 
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o  Use  a  configuration  for  the  model  of 

C 


— 

L 


o  Determine  the  value  of  R  from  the  horizontal  (zero  slope)  asymp¬ 
tote  of  the  I Z |  vs  f  curve.  This  is  generally  Rdc  and  is  approx¬ 
imately  R  . .  , . 

cardinal 

o  Determine  the  value  of  L  from  the  asymptote  with  a  slope  of 
+6  dB/octave.  If  such  an  asymptote  does  not  exist,  either 
remove  L  from  the  model  or  for  a  more  accurate  model  assume 
L  =  20  nH  (see  1  above). 

o  Determine  the  value  of  C  from  the  asymptote  with  a  slope  of 
-6  dB/octave.  If  such  an  asymptote  does  not  exist,  either 
eliminate  C  from  the  model  or  for  a  more  accurate  model  assume 
C  =  1.6  pF. 

(It  should  be  noted  that  the  majority  of  the  components  examined  can 
be  represented  by  simple  three-element  (or  less)  models  at  frequencies  up 
to  1  GHz.) 
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6.0  CONCLUSIONS  AND  RECOMMENDATIONS 


Modeling  techniques  for  use  with  passive  components  (capacitors,  induc¬ 
tors,  and  resistors)  at  frequencies  up  to  1  GHz  have  been  developed  and  analyzed 
for  accuracy  and  complexity.  The  modeling  and  analyses  on  Task  1  used  data 
available  from  manufacturers  whereas  measured  data  was  employed  on  the  Task  2. 

As  a  part  of  the  second  task,  measurement  techniques  were  investigated  and 
selected.  Finally,  the  recommended  modeling  techniques  for  use  with  various 
types  of  components  and  data  were  summarized.  The  following  general  conclusions 
and  recommendations  have  been  formulated: 

1.  At  frequencies  up  to  1  GHz,  most  passive  components  can  be  accurately 
modeled  with  simple  3-element  models.  In  many  cases,  typical  values 
for  the  parasitic  elements  can  be  assumed  without  measurement  and 
usable  results  can  be  obtained. 

2.  The  manufacturers’  data  appropriate  for  modeling  components  is 
available  for  only  a  limited  number  of  component  types  and  then 
for  only  a  restricted  frequency  range.  The  manufacturers’  data 
is  generally  labeled  as  "typical’’  and,  in  some  cases,  the  curves 
are  apparently  intended  to  show  the  generic  curve  of  the  impedance 
for  a  large  class  of  components  and,  thus,  are  not  sufficiently 
accurate  to  model  any  single  component.  Many  of  the  manufacturers' 
curves  are  physically  small  and  do  not  provide  sufficient  resolution 
to  permit  extracting  the  data  accurately  enough  to  support  modeling 
efforts. 

3-  The  magnitude  of  the  impedance  of  a  passive  component  can  be  measured 
up  to  1  GHz  using  currently  available  instrumentation. 

4.  The  parasitics  of  the  various  measurement  instrumentation  systems 
do  affect  the  data  differently  such  that  there  are  discrepancies 
at  frequencies  where  the  measurement  systems  overlap.  Also,  in 
some  instances,  preliminary  measurements  indicate  that  the  instru¬ 
mentation  parasitics  may  be  of  the  same  order  of  magnitude  as  the 
parasitics  of  the  component-under-test.  Therefore,  some  of  the 
variations  in  the  measured  data  are  due  to  these  instrumentation 
parasitics.  Initial  investigations  indicate  that  procedures  for 
removing  these  effects  (i.e.,  correcting  the  data)  can  be  developed 
if  sufficient  measurements  are  performed  to  accurately  define  the 
instrumentation  parasitics.  Further  studies  should  be  performed 
and  the  resulting  data  correction  procedures  should  be  evaluated 
to  ensure  that  the  correction  procedures  do  not  impact  the  modeling 
techniques  described  herein. 
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5.  Also,  it  is  recommended  that  a  sufficient  number  of  additional 
components  be  measured  to  verify  the  developed  data  correction 
and  modeling  techniques  for  various  cardinal  values,  manufacturing 
processes,  and  component  types. 
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APPENDIX  A 

DATA  AVAILABLE  FROM  MANUFACTURERS 


Several  manufacturers  have  limited  data  that  is  appropriate  for  defining 
and  modeling  the  parasitic  behavior  of  passive  components  (i.e.,  resistors, 
capacitors,  and  inductors).  The  various  component  manufacturers  were  surveyed 
to  determine  the  specific  data  available  and  to  request  samples  for  later 
measurements.  In  the  survey,  a  total  of  36  different  manufacturers,  including 
manufacturing  plants  or  divisions,  were  contacted.  During  each  contact: 

1.  A  catalog  was  requested  as  a  minimum; 

2.  Any  available  data  in  addition  to  catalog  data  was  requested; 

3.  Measurement  facilities  and  techniques  were  discussed,  and  measure¬ 
ment  information  was  requested;  and 

4.  The  possibility  of  obtaining  sample  components  for  later  measure¬ 
ments  was  discussed. 

The  majority  of  the  manufacturers'  representatives  contacted  were 
very  cooperative  and  indicated  a  willingness  to  help  in  any  way  possible. 

Some  manufacturers  have  little  or  no  data  describing  the  parasitic  benavior 
of  their  components  while  others  have  some  data  in  addition  to  their  published 
catalogs.  Typical  comments  from  manufacturers  with  very  little  data  indicated 
that : 

1.  Not  many  customers  request  such  data; 

2.  It  requires  too  much  effort  to  measure  this  data  with  its  limited 
demand;  and 

3.  The  available  data  leaves  a  lot  to  be  desired.  (It  is  insuf¬ 
ficient  for  designing  on  paper.) 

Approximately  60  percent  of  the  manufacturers'  representatives  contacted 
supplied  current  catalog  information.  Nearly  15  percent  of  them  furnished 
data  in  addition  to  their  catalogs.  About  45  percent  of  the  manufacturers 
forwarded  sample  components  for  use  in  measurements  (a  total  of  over  575 
sample  components  were  received). 


The  data  obtained  from  the  manufacturers,  as  well  as  some  additional 
data  available  at  Georgia  Tech  and  data  received  from  RADC,  were  classified 
and  categorized  according  to  component  type.  Twenty-two  tables  describing 
the  data  available  for  12  categories  of  capacitors,  6  categories  of  inductors, 
and  4  categories  of  resistors  were  presented  in  the  Task  1  Test  Plan.  These 
tables  list  several  manufacturers  that  produce  each  specific  category  of 
component  and  the  types  and  formats  of  the  data  they  have  available  for  that 
category  of  component.  The  information  in  these  detailed  tables  is  summarized 
in  Tables  A-4,  A-5,  and  A-6  for  capacitors,  inductors,  and  resistors,  respec¬ 
tively.  It  is  apparent  from  these  tables  that  data  related  to  the  parasitic 
behavior  of  a  wide  variety  of  passive  components  is  available  from  the  manu¬ 
facturers.  Most  of  this  data  is  available  in  manufacturers'  catalogs;  however, 
the  majority  of  it  is  labeled  as  "typical"  for  several  (or  all)  values  of 
a  given  type  component.  Furthermore,  considerable  variations  exist  in  the 
type  of  data  provided,  in  the  test  frequencies  used,  and  in  the  frequency 
ranges  over  which  the  data  are  specified. 

Typically,  the  maximum  dc  leakage  and  the  maximum  or  typical  dissipa¬ 
tion  factor  (DF)  at  either  120  Hz,  1  kHz,  or  1  MHz  are  given  for  all  capaci¬ 
tors.  For  all  nonelectrolytic  capacitors  except  ceramics,  this  is  the  only 
type  data  available  from  the  majority  of  manufacturers.  For  many  ceramic 
capacitors,  typical  graphs  of  the  change  in  capacitance  (AC)  and/or  DF  are 
also  given  as  a  function  of  frequency.  Examples  of  these  curves  are  given 
in  Figure  A-1.  Instead  of  AC  curves,  many  manufacturers  of  electrolytic 
capacitors  furnish  "typical"  graphs  of  the  magnitude  of  impedance  (|z|)  ver¬ 
sus  frequency  as  illustrated  in  Figure  A-2.  (As  this  figure  shows,  some 
manufacturers  give  curves  of  the  effective  series  resistance  (ESR)  instead 
of  DF.)  For  capacitors  where  data  is  available  as  a  function  of  frequency, 
it  is  usually  for  frequencies  less  than  10  MHz.  Thus,  the  major  drawbacks 


« 

The  manufacturers  from  which  data  was  obtained  are  listed  in  Tables  A-1, 

A-2,  and  A-3* 

•• 
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of  the  data  available  on  most  capacitors  are  the  lack  of  data  as  a  function 
of  frequency  and  the  limited  frequency  range  when  such  data  is  available. 

Table  A-6  indicates  that  numerous  resistor  manufacturers  provide  "typ¬ 
ical"  graphs  of  impedance  as  some  function  of  frequency.  Examples  of  these 
graphs  are  given  in  Figure  A-3.  Again,  the  limited  frequency  range  of  most 
of  this  data  is  the  most  significant  problem. 

In  contrast  to  the  capacitor  and  resistor  manufacturers,  most  of  the 
inductor  manufacturers  provide  no  data  as  a  function  of  frequency.  The  data 
that  is  available  as  a  function  of  frequency  consists  of  graphs  of  the  quality 
factor  (Q)  as  illustrated  in  Figure  A-1!.  Therefore,  the  drawbacks  of  the 
available  inductor  data  are  also  the  sparse  amount  of  data  and  the  limited 
frequency  range. 

In  summary,  there  is  a  lack  of  data  available  as  a  function  of  frequency 
for  many  passive  components.  When  such  data  is  available  from  the  manufac¬ 
turers,  it  is  generally  given  for  only  a  limited  frequency  range  and  does 
not  directly  describe  a  particular  component. 
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Figure  A-l.  Examples  of  Manufacturers'  AC  vs  f  and  DF  vs  f  Curves. 


Reprinted  courtesy  of  Sprague  Products  Co. 


Figure  A-2.  Examples  of  Manufacturers'  |z|  vs  f  and  ESR  vs  f  Curves. 
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Reprinted  courtesy  of  Allen-Bradley  Co. 


Reprinted  courtesy  of  TRW/IRC  Resistors 


Figure  A-3.  Examples  of  Various  Forms  of  Manufacturer 
Impedance  vs  Frequency  Data. 
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TABLE  A-l 

CAPACITOR  MANUFACTURERS  FROM  WHICH  DATA  WAS  OBTAINED 


A-B 

Allen-Bradley  Co. 

ATC 

American  Technical  Ceramics 

AVX 

Aerovox  Corp. 

CAPAR 

CAPAR  Components  Corp. 

CDE 

Comell-Dubilier  Electronics 

Centralab 

Centralab  Electronics  Division  (Globe-Union  Inc.) 

CII 

Components  Importers  International, 

LTD 

Corning 

Corning  Glass  Works 

Dearborn 

Dearborn  Electronics,  Inc.  (Div.  of 

Sprague) 

Electrocube 

Electrocube,  Inc. 

ELMAG 

ELMAG  Corp. 

EL-MENCO 

The  Electro-Motive  Mfg.  Co. 

IEC 

International  Electronics  Corp. 

Johanson 

Johanson  Mfg.  Co. 

KEMET 

Union  Carbide  Corp. 

Mallory 

Mallory  Capacitor  Co. 

Mepco 

Mepco/Electra,  Inc. 

Mucon 

Republic  Electronics  Corp. 

Nytronics 

Nytronics  Components  Group,  Inc. 

Sprague 

Sprague  Electric  Co. 

Tansitor 

Tansitor  Electronics 
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TABLE  A- 2 

INDUCTOR  MANUFACTURERS  FROM  WHICH  DATA  WAS  OBTAINED 


Airco-Speer 

Airco  Speer  Electronics 

Bourns 

Bourns,  Inc. 

Caddell-Burns 

Caddell-Burns  Co. 

Cramer 

Cramer  Coil  Co. 

Dale 

Dale  Electronics,  Inc. 

Delevan 

Delevan  Division  (American  Precision  Industries) 

Miller 

J.  W.  Miller  Division  (Bell 

Industries) 

Nytronics 

Nytronics  Components  Group, 

Inc. 

Toro tel 

Torotel,  Inc. 

TRW 

TRW/UTC  Transformers 

RESISTOR 

TABLE  A- 3 

MANUFACTURERS  FROM  WHICH  DATA  WAS  OBTAINED 

A-B 

Allen-Bradley  Co. 

Airco-Speer 

Airco-Speer  Electronics 

CAPAR 

CAPAR  Components  Corp. 

CII 

Components  Importers  International,  LTD 

Corning 

Corning  Glass  Works 

Dale 

Dale  Electronics,  Inc. 

Ohmite 

Ohmite  Mfg.  Co. 

R-OHM 

R-OHM  Corp. 

TRW/ IRC 

TRW/IRC  Resistors 

AVAILABLE  DATA  ON  CAPACITORS 
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TABLE  A-6  (concluded) 
AVAILABLE  DATA  ON  RESISTORS 
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APPENDIX  B 

TASK  1  COMPONENTS  AND  APPLICABILITY 
OF  TWO  MODELING  APPROACHES 


In  developing  and  evaluating  modeling  techniques  for  use  with  data  avail¬ 
able  from  the  manufacturers,  a  list  of  suggested  components  for  consideration 

* 

was  mutually  agreed  upon  and  presented  in  the  Task  1  Test  Plan  .  The  list 
was  subsequently  modified  to  include  the  cardinal  (or  catalog)  values  for 
which  data  was  received  from  the  manufacturers  (see  Appendix  A).  The  revised 
list  is  given  in  Table  B-1.  (The  "ID  in  this  table  is  the  identifier 
number  assigned  to  each  cardinal  value  for  convenience  in  the  modeling  and 
analysis. ) 

The  initial  modeling  effort  on  Task  1  was  for  the  purpose  of  determining 
the  ability  to  model  components  from  manufacturers'  data  using  the  direct 
calculation  and  the  engineering  approximation  approaches.  To  accomplish 
this  purpose,  each  of  the  components  in  Table  B-1  were  modeled  using  these 
two  approaches.  (Only  the  models  discussed  in  Section  3  of  this  report  were 
analyzed  in  detail  for  accuracy. )  The  data  available  from  the  manufacturers 
was  such  that  a  given  modeling  approach  ( 1 )  could  be  used  to  completely  model 
the  component;  (2)  could  be  used  to  partially  model  the  component,  or  (3) 
could  not  be  used  at  all.  These  three  applicability  conditions  are  identified 
in  Table  B-1  as  completely,  partially,  and  not,  respectively.  For  example, 
if  the  only  model  that  can  be  determined  from  the  manufacturers'  data  is 
an  ideal  component  of  the  type  that  is  being  modeled  (e.g. ,  a  capacitor), 
the  specific  modeling  approach  under  consideration  is  classified  as  not  appli¬ 
cable.  On  the  other  hand,  if  a  simple  model  such  as  an  ideal  component  of 
the  type  being  modeled  and  or.t  '-‘'•her  idealized  component  (e.g.,  a  capacitor 
and  a  resistor)  can  be  determined  with  one  of  the  modeling  approaches,  this 
approach  is  classified  as  partially  applicable.  When  a  modeling  approach 
can  be  used  to  develop  a  more  extensive  model  (i.e.,  containing  three  or 
more  elements)  the  approach  is  classified  as  completely  applicable. 

1 
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The  applicability  information  given  in  Table  B-1  indicates  that  the 
direct  calculation  modeling  approach  can  be  used  with  the  manufacturers'  data 
to  completely  model  approximately  one  half  and  partially  model  one  third  of 
the  selected  components.  In  contrast,  the  engineering  approximation  approach 
can  only  be  used  with  this  data  to  completely  model  one  of  six  and  partially 
model  one  of  four  of  the  selected  components.  Thus,  using  data  from  the  manu¬ 
facturers,  roughly  90  percent  of  the  selected  components  could  be  modeled 
with  the  direct  calculation  approach  and  about  40$  could  be  modeled  with 
the  engineering  approximation  approach. 
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SPECIFIC  COMPONENTS  SELECTED  FOR  MODELING  IN  TASK  1 
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APPENDIX  C 

MEASUREMENT  TECHNIQUES 


Based  on  observations  made  while  using  manufacturers'  data  during  Task 
1  and  on  investigations  of  the  types  of  measurement  equipments  available, 
it  was  concluded  that  the  most  appropriate  data  for  use  in  modeling  passive 
components  is  their  complex  impedance  as  a  function  of  frequency.  For  this 

reason,  techniques  for  measuring  the  impedance  of  components  over  the  frequency 

« 

range  of  5  Hz  to  1  GHz  were  selected  for  use  on  Task  2. 

During  this  selection  process,  various  impedance  measurement  techniques 
were  investigated.  The  operational  procedures,  the  measurable  quantities, 
the  applicable  frequency  ranges,  and  the  associated  difficulties  and  limita¬ 
tions  of  each  potential  measurement  technique  were  considered.  The  measure¬ 
ment  equipment  and  systems  listed  in  Table  C-1  were  chosen  for  use  over  the 
indicated  frequency  ranges. 

The  two  vector  impedance  meters  (HP  9800A  and  HP  4815A)  complement  each 
other  in  their  applicable  frequency  ranges  and  together  were  used  at  discrete 
frequencies  between  5  Hz  and  108  MHz  to  directly  measure  complex  impedances 
(magnitude  and  phase)  with  magnitudes  from  approximately  11  to  at  least 
100  kl  (up  to  550  kHz,  the  HP  4800A  will  measure  magnitudes  of  impedance 
up  to  10  Ml).  Photographs  of  these  two  instruments  with  the  respective  com¬ 
ponent  mounts  are  shown  in  Figures  C-1  and  C-2.  The  HP  4800A,  the  top  instru¬ 
ment  in  Figure  C-1,  has  banana  jacks  for  mounting  components,  while  the  HP 
4815A  has  a  probe  terminated  in  a  component  mount  as  shown  in  Figure  C-3- 

The  Network  Analyzer  System  (GR  1710)  with  its  Immittance  Probe 
(GR  1710-P5)  was  used  to  make  swept  frequency  measurements  from  500  kHz  tc 
500  MHz  It  measures  the  magnitude  and  phase  of  the  complex  impedance  for 
components  between  0.5*2  and  1  Ml.  This  measurement  system  is  shown  in  Fig¬ 
ures  C-2  and  C-4.  The  impedance  and  frequency  outputs  of  the  Network  Analyzer 
were  connected  to  a  Houston  Instrument  Series  2000  Omnigraphic  X-Y  Recorder. 

The  GR  1710-P5  Immittance  Probe  is  terminated  in  the  specially  fabricated 

I 

The  5  Hz  low  frequency  was  determined  by  the  limitations  of  the  available 
equipment;  however,  it  should  be  possible  to  evaluate  the  data  at  lower  fre¬ 
quencies  by  extrapolating  from  the  measured  data. 
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component  mount  shown  in  the  photographs  in  Figure  C-5.  This  component 
mount  was  made  from  a  1/2-inch  (13-mm)  thick  aluminum  plate  with  a  center 
hole,  threaded  to  screw  on  the  Immittance  Probe.  A  1 /4-inch  (6-mm)  long 
teflon  rod  was  also  threaded  such  that  it  would  screw  into  the  center  hole 
in  the  aluminum  plate.  The  purpose  of  this  rod  was  to  hold  a  No.  6  screw 
which  made  contact  with  the  center  conductor  of  the  probe  and  to  insulate 
this  center-conductor  screw  from  the  aluminum  plate.  The  component-under¬ 
test  was  then  mounted  between  the  center-conductor  screw  and  the  aluminum 
plate.  (Figure  C-5b  shows  the  component  mount  with  a  short.) 

A  block  diagram  of  the  insertion  loss  measurement  system  is  given  in 
Figure  C-6a.  This  swept  frequency  system  was  used  for  a  quick,  uncalibrated 
determination  of  the  general  characteristics  of  the  component-under-test  from 
500  kHz  to  1  GHz.  The  resulting  plot  of  the  relative  insertion  loss  as  a  func¬ 
tion  of  frequency  was  used  to  determine  which  frequency  ranges  should  be  meas¬ 
ured  in  detail  with  the  other  equipments  or  systems.  The  Insertion  Unit  in 
Figure  C-6a  is  a  coaxial  component  mount.  If  the  component  was  expected  to 
have  a  relatively  high  impedance  (parallel  resonance)  at  its  first  resonance 
(e.g. ,  inductors),  it  was  mounted  in  series  in  the  Insertion  Unit  as  shown  in 
Figure  C-6b.  In  contrast,  components  (such  as  most  capacitors)  with  antici¬ 
pated  low  values  at  their  first  resonance  were  mounted  in  shunt  in  the  Inser¬ 
tion  Unit  as  shown  in  Figure  C-6c.  Components  (such  as  resistors)  for  which 
the  relative  magnitude  of  their  impedance  at  the  first  resonance  could  not 
be  anticipated  were  measured  in  both  series  and  shunt  configurations. 

The  final  measurement  system  used  on  this  program  was  a  reflectometer 
system  as  shown  in  Figure  C-7.  This  system  was  used  at  discrete  frequencies 
from  100  MHz  to  1  GHz  to  measure  the  complex  reflection  coefficient  resulting 
when  the  component-under-test  is  used  to  terminate  a  50ft  coaxial  line.  The 

complex  impedance  was  then  calculated  from  the  measured  reflection  coeffi- 

•• 

cient.  The  component  was  mounted  on  the  component  mount  described  previously 
and  shown  in  Figure  C-5.  The  component  mount  was  then  connected  to  the  diree- 

I 

The  nominal  lead  length  was  1  cm  for  each  end  of  the  component. 

«i 

"Measurement  of  Complex  Impedance,"  Application  Note  77-3*  Hewlett  Packard, 
Palo  Alto,  CA,  April  1967. 


tional  coupler  through  appropriate  50  ft  coaxial  adapters  as  shown  in  Figure 
C-7(a).  (The  digital  voltmeter  shown  on  top  of  the  vector  voltmeter  in  this 
photo  was  used  for  convenience  in  reading  the  incident  and  reflected  voltages 
measured  with  the  vector  voltmeter.) 

For  each  component-under-test  (see  Appendix  D),  the  insertion  loss  meas¬ 
urement  system  was  first  used  to  determine  the  generic  shape  of  the  impedance 
characteristics  of  the  component,  i.e.,  the  frequencies  at  which  resonances 
occur.  Then  the  other  measurement  techniques  were  employed  to  obtain  more 
detailed  impedance  data.  Measurements  were  made  with  the  vector  impedance 
meters  and  the  reflectometer  system  at  discrete  frequencies  of  10-20-50-100- 
200-500-1000-etc.  (This  sequence  was  chosen  because  these  frequencies  are 
approximately  the  same  linear  distances  apart  on  logrithmic  paper. )  Near 
resonances  the  number  of  measurement  frequencies  were  increased  to  ensure 
that  the  characteristics  of  the  impedance  were  well  defined  around  resonance. 
The  measurements  made  with  the  network  analyzer  were  swept  frequency  in  nature 
and,  thus,  completely  described  the  characteristics  at  all  frequencies. 

For  each  component,  impedance  data  were  obtained  using  the  five  selected 
measurement  techniques.  The  measured  data  were  combined  into  graphs  each 
covering  the  frequency  range  from  1  Hz  to  1  GHz.  The  graph  for  each  measured 
component  is  presented  in  Appendix  D. 


C-3 


Figure  C-l.  Vector  Impedance  Meters — HP  4800A 

on  the  top  and  HP  4815A  on  the  bottom. 


Figure  C-2.  Vector  Impedance  Meters  and  Network  Analyzer  Syst 
GR  1710  Network  Analyzer  System  on  the  Right* 


(a)  Insertion  Loss  System. 


C.U.T.  =  Component  Under  Test 


(b)  Series  mounted  component 

in  coaxial  insertion  unit. 


Center 

Conductor 


Outside 

Conductor 


C.U.T.  ■  Component  Under  Test 


Center 

Conductor 


Outside 

Conductor 


Figure  C-6.  Insertion  Loss  Measurement  System  in  Component  Mounts. 


C- 


(a)  Measurement  System  with  component  mount  removed 


(b)  Block  Diagram  • 


Figure  C-7.  Ref lectometer  Measurement  System. 
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APPENDIX  D 

TYPICAL  MEASURED  DATA 


Using  the  measurement  techniques  described  in  Appendix  C,  the  impedance 
of  various  components  as  a  function  of  frequency  were  measured  on  Task  2  of 
this  program.  A  total  of  68  components  including  29  capacitors,  14  induc¬ 
tors,  and  25  resistors  were  selected  for  measurement.  These  components  were 
selected  primarily  from  the  sample  components  received  from  manufacturers 
(see  Appendix  A).  Where  necessary,  these  samples  were  supplemented  by  pur¬ 
chases  from  local  distributors.  The  types  of  components  were  chosen  from 
those  identified  in  the  Task  1  Test  Plan.  Descriptions  of  the  selected  capa¬ 
citors,  inductors,  and  resistors  are  given  in  Tables  D— 1 ,  D-2,  and  D-3,  respec¬ 
tively.  The  type  of  component,  manufacturer,  catalog  number,  cardinal  value, 
and  other  pertinent  data  are  included  in  these  tables. 

The  complex  impedances  (magnitude  and  phase)  of  all  the  components  iden¬ 
tified  in  these  tables  were  measured  from  5  Hz  to  1  GHz  (see  Appendix  C).  For 
each  component  two  graphs  were  plotted:  (1)  the  magnitude  of  Z  ( j  Z ! )  versus 

frequency  (f)  and  (2)  the  phase  of  Z  ('-':  )  versus  f.  Thus,  a  total  of  136 
graphs  of  measured  data,  each  covering  an  eight  and  one-half  decade  frequency 
range,  was  obtained.  To  reduce  this  amount  of  data  to  a  more  manageable 
level,  the  I Z I  vs  f  curves  for  each  of  the  three  categories  of  components 
(capacitors,  inductors,  and  resistors),  were  divided  into  groups  according  to 
the  general  shape  of  the  curves.  One  curve  from  each  group  was  then  selected 
as  Deing  representative  of  that  group. 

The  groups  are  defined  according  to  their  characteristics  in  Tables  D-4, 
D-5,  and  D-6  for  the  capacitor,  inductors,  and  resistors,  respectively.  In 
these  tables  the  "Y"  (for  Yes)  indicates  that  a  given  characteristic  of  the 
curve  applies  to  a  specific  group  while  "N"  (for  No)  indicates  that  it  does 
not  apply.  (It  is  noted  that  the  definition  of  the  characteristics  of  each 
group  is  somewhat  arbitrary  and  was  based  on  a  subjective  visual  examination 
of  each  curve. )  Based  on  these  definitions,  the  measured  capacitors,  induc¬ 
tors,  and  resistors  are  grouped  in  Tables  D-7,  i  —8 ,  and  D-9,  respectively. 

These  tables  also  identify  the  specific  components  whose  \z\  vs  f  curves 
were  chosen  as  representative  of  each  group.  The  |z|  vs  f  curves  selected 
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as  representative  are  given  in  the  "a"  parts  of  Figures  D-1  through  D-17. 

The  modeling  and  analysis  of  the  measured  data  as  described  in  Sec.  4.0  are 

also  shown  on  this  part  of  each  figure.  The  "b"  parts  show  the  resulting 

per  cent  difference  between  the  measured  data  and  the  data  calculated  from 
* 

the  model.  The  curves  are  arranged  in  these  17  figures  in  the  same  order  as 
the  components  are  listed  in  Tables  D-7,  D-8,  and  D-9. 

In  summary,  the  complex  impedances  of  68  components  were  measured  over 
the  5  Hz  to  1  GHz  frequency  range.  The  resulting  136  f  Z (  vs  f  graphs  were 
reduced  to  a  more  practical  number  of  17.  This  reduction  was  accomplished 
by  grouping  the  i Z !  vs  f  curves  according  to  the  characteristics  of  their 
shapes  and  then  selecting  a  representative  curve  from  each  group.  These 
representative  curves  are  given  in  Figures  D-1  through  D-17. 


It  should  be  noted  that  the  "b"  curves  are  plotted  on  a  linear  scale  and 
thus  tend  to  exaggerate  the  differences  between  the  measured  data  and  the 
model  data.  Thus  relatively  good  correlation  on  the  "a"  curves  between  the 
calculated  and  measured  behavior  can  in  many  cases  result  in  seemingly  wide 
variations  on  the  "b"  curves.  These  same  comments  apply  to  corresponding 
curves  in  Appendix  F. 
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Measured  Data* 


Multiple  solid  curves  reflect  results 
obtained  with  different  Ins  truncation 
systsae.  (see  Appendix  B) 
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Figure  D-l.  Data  for  the  Capacitor  Representing  Group  //I  in  Table  D-7 
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Multiple  solid  curvee  reflect  reeulte 
obtained  with  different  lnatrumentation 
systems.  (aee  Appendix  E) 
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Figure  D-2(a).  Data  for  the  Capacitor  Representing  Group  #2  in  Table  D-7 
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Figure  D-2(b).  Difference  Between  Calculated  and  Measured  |z|  in  (a). 
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Figure  D-3(b).  Difference  Between  Calculated  and  Measured  \z\  in  (a), 
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systems.  (see  Appendix  E) 
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Figure  D-4 (a) .  Data  for  the  Capacitor  Representing  Croup  # 4  in  Table  D-7 


Figure  D-4(b).  Difference  Between  Calculated  and  Measured  ]z|  in  (a). 
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Figure  D-6(a). 


Data  for  the  Capacitor  Representing  Group 


#6  in  Table  D-7. 
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Figure  D-6(b). 


Difference  Between  Calculated  and  Measured  |z|  in  (a). 
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Figure  D-7(a).  Data  for  the  Capacitor  Representing  Group  #7  in  Table  D-7 


90 
40 
90 
20 
10 
0 

-  10 
-ao 

-90 
-40 
-90 

l  91499709 

10  10  10  10  10  10  to  to  to 

FREQUENCY  IN  HERTZ 

Figure  D-7(b).  Difference  Between  Calculated  and  Measured  |z|  in  (a). 
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Figure  D-8(a). 


Data  for  the  Inductor  Representing  Group  it  1  in  Table  D-8. 
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Figure  D-Sfa).  Data  for  the  Inductor  Representing  Group  # 2  in  Table  D-8. 


Figure  D-9(b).  Difference  Between  Calculated  and  Measured  |z|  in  (a). 
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Figure  D-ll(a).  Data  for  the  Inductor  Representing  Group  #4  in  Table  D-8. 


Figure  D-ll(b).  Difference  Between  Calculated  and  Measured  |z|  in  (a). 
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Figure  D-12.  Data  for  the  Resistor  Representing  Group  # 1  in  Table  D-9. 
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Figure  D-13.  Data  for  the  Resistor  Representing  Group  #2  in  Table  D-9. 
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Figure  D-14(a).  Data  for  the  Resistor  Representing  Group  #3  in  Table  D 


Figure  D-14(b) .  Difference  Between  Calculated  and  Measured  |z|  in  (a) 
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Figure  D-15(a).  Data  for  the  Resistor  Representing  Group  // 4  in  Table  D-9. 
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Figure  D-15(b).  Difference  Between  Calculated  and  Measured  |z|  in  (a). 
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Figure  D-16(a).  Data  for  the  Resistor  Representing  Group  #5  in  Table  D-9. 
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Figure  D-16(b).  Difference  Between  Calculated  and  Measured  [z|  in  (a). 
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CAPACITORS  SELECTED  FOR  MEASUREMENT 
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RESISTORS  SELECTED  FOR  MEASUREMENT 
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RESISTORS  SELECTED  FOR  MEASUREMENT 


TABLE  D-4 


CHARACTERISTICS  OF  EACH  GROUP  OF 
MEASURED  CAPACITOR  DATA 


Characteristics  of  \Z\  vs  f  Curves 


Group  Number 


12  3  4  5  6  7 


Q  undefined  because  of  insufficient  data 

Q  <<  1 
Q  -  1 
Q  *  2 
3  <  Q  <  5 


Y  N  N  N  N  N  N 
N  Y  Y  N  N  N  N 
N  N  N  Y  N  N  N 
N  N  N  N  Y  N  N 
N  N  N  N  N  Y  N 


0  >  7 


N  N  N  N  N  N  Y 


Slope  of  curve  suddenly  decreased  N  N  Y  N  N  N  N 

approximately  2  decades  below  the 
resonance  frequency 


Q  is  defined  as  the  ratio  of  the  resonance  frequency  and  the 

3  dB  bandwidth  where  this  bandwidth  is  the  difference  in  the 

frequencies  at  which  the  |z|  is  3  dB  greater  than  |z|  (i.e., 

1.414  times  Izl  .  )  niin 

1  1  min 


TABLE  D-5 

CHARACTERISTICS  OF  EACH  GROUP  OF 
MEASURED  INDUCTOR  DATA 


Number  of  resonance  frequencies  1112 

Curve  has  constant  low  frequency  value  N  N  Y  Y 

Curve  extends  at  least  a  frequency  Y  N  Y  Y 

decade  above  the  first  resonance 


TABLE  D-6 


CHARACTERISTICS  OF  EACH  GROUP  OF 
MEASURED  RESISTOR  DATA 


Characteristics  of  |z|  vs  f  Curves 

Group 

Number 

1 

2 

3 

4 

5 

6 

* 

Curve  stops  at  a  frequency  lower  than  f. 

3  dB 

Y 

N 

N 

N 

N 

N 

Curve  stops  at  a  frequency  only  slightly 

N 

Y 

N 

N 

N 

N 

greater  than  dB 

Curve  has  only  positive  slope  above  f 

3  aB 

N 

N 

Y 

N 

N 

N 

Curve  has  only  negative  slope  above  f0 

3  aB 

N 

N 

N 

Y 

N 

N 

Curve  has  a  resonance  and  Q  <  5 

N 

N 

N 

N 

Y 

N 

Curve  has  a  resonance  and  Q  >  10 

N 

N 

N 

N 

N 

Y 

*3  dB  is  the  fre<luency  at  which  the  |z  1  curve 

and 

its 

asymptote  differ  by  3  dB. 
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MEASURED  CAPACITORS— LISTED  ACCORDING  TO  THE 
GROUPS  DEFINED  IN  TABLE  D-4 
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MEASURED  CAPACITORS— LISTED  ACCORDING  TO  THE 
CROUPS  DEFINED  IN  TABLE  D-4 


MEASURED  INDUCTORS — LISTED  ACCORDING  TO  THE 
GROUPS  DEFINED  IN  TABLE  D-5 
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measured  resistors— listed  according  to  the 


APPENDIX  E 

PRELIMINARY  ANALYSIS  OF  INSTRUMENTATION  PARASITICS 


The  applicable  frequency  ranges  of  several  of  the  measurement  techniques 
overlapped  (see  Table  D-1).  At  the  common  frequencies,  measurements  were 
made  using  each  of  the  different  measurement  techniques.  (The  data  obtained 
from  each  technique  is  plotted  on  the  graphs  in  Appendix  D. )  It  should  be 
noted  that,  at  these  common  measurement  frequencies,  different  values  of  the 
complex  impedance  were  obtained  for  the  same  component.  Furthermore,  these 
differences  obtained  with  the  various  measurement  techniques  appear  to  be 
greater  at  the  higher  measurement  frequencies. 

As  a  preliminary  investigation  of  these  differences,  several  components 
were  measured  at  a  common  frequency  of  100  MHz  using  the  HP  4815A  RF  Vector 
Impedance  Meter,  the  GR  1710  RF  Network  Analyzer,  and  the  reflectometer  system 
The  magnitudes  of  the  impedances  obtained  from  these  measurements  are  given 
in  Table  E-1.  This  data  shows  that  the  differences  vary  wi'i  the  measurement 
techniques,  the  types  of  components,  and  the  cardinal  values  of  the  components 
Therefore,  nine  different  cardinal  values  of  the  same  type  coDDonent  (1/4  watt 
carbon  composition  resistor  by  Allen-Bradley)  were  measured  at  100  MHz  using 
the  3ame  three  measurement  techniques  as  above.  The  results  of  these  measure¬ 
ments  and  the  dc  resistances  are  given  in  Table  E-2.  Figure  E-1  shows  how 
the  magnitude  of  the  impedance  of  the  resistors  as  measured  with  the  GR  1710 
Network  Analyzer  varies  as  a  function  of  frequency. 

These  initial  investigations  indicate  that  the  differences  are  probably 
due  to  the  parasitics  of  the  different  instrumentation  systems,  cables,  and 
component  mounts.  Such  differences  and  their  variations  appear  to  be  a  result 
of  the  relationship  between  the  magnitudes  of  the  impedance  of  the  component 
under  test,  of  the  component's  parasitics,  and  of  the  instrumentation  para¬ 
sitics.  If  the  magnitude  of  the  impedance-to-be-determined  is  high,  then 
the  distributed  parallel  capacitance  of  the  measurement  system  is  likely 
to  be  of  the  same  order-of-magnitude  and,  thus,  cause  the  measured  impedance 
to  be  too  low.  On  the  other  hand,  if  the  magnitude  of  the  impedance-to-be- 
determined  is  low,  the  parasitic  series  inductance  of  the  measurement  system 
may  be  of  the  same  order-of-magnitude  and,  thus,  cause  the  measured  impedance 
to  be  too  high. 
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There  are  some  exceptions  to  these  two  rules-of-thumb.  For  example, 
preliminary  measurements  indicate  that  the  "open-circuit"  impedance  of  the 
reflectometer  system  is  inductive  with  a  magnitude  of  approximately  1  k,.  (equiv¬ 
alent  to  a  0 . 1 6  uH  inductor  at  1  GHz).  Therefore,  obviously  if  the  component 
being  measured  is  an  inductor  with  an  impedance  on  the  order  of  1  k-; ,  the 
measured  value  will  be  approximately  500  ft.  Conversely,  if  the  component 
being  measured  is  capacitive,  it  can  form  a  parallel  resonant  circuit  with 
the  parasitic  inductance  of  the  measurement  system  and  the  impedance  can 
become  very  large  at  the  resonance  frequency. 

In  order  to  determine  the  feasibility  of  removing  the  effects  of  the 
instrumentation  parasitics  from  the  measured  data,  a  brief  analysis  of  the 
GR  1710  Network  Analyzer  data  given  in  Table  E-2  was  performed.  In  Figure  E-1, 
the  measured  impedance  curves  for  the  short-circuit  and  "open-circuit"  (no 
component  on  the  mount)  conditions  are  given.  The  "open-circuit"  impedance 
curve  decreases  at  a  rate  of  approximately  6  dB/octave  (20  dB/decade)  and, 
thus,  implies  that  the  combination  of  the  component  mount,  probe,  cabling, 
etc.  are  capacitive  under  "open-circuit"  conditions.  The  |z|  =  1.3  k!.'  at 
100  MHz  represents  a  capacitance  of  1.2  pF.  Similarly,  the  fact  that  the 
short-circuit  curve  increases  at  a  rate  of  approximately  20  dB/decade  implies 
that  the  instrumentation  is  inductive  under  short-circuit  conditions.  On 
the  straight  line  approximation  (dotted  line)  to  this  curve,  the  Jzj  =  2.9-. 
at  100  MHz  indicates  an  inductance  of  4.6  nH.  Therefore,  assume  that  the 
equivalent  circuit  of  the  instrumentation  parasitics  is  as  shown  in  Figure 
E-2. 

Using  the  impedances  given  in  Table  E-2  for  the  GR  1710  Network  Analyzer 

as  the  measured  Z  (Z  )  and  the  circuit  in  Figure  E-2,  the  corrected  impedance 

m 

of  the  component  (Z^)  was  calculated.  The  calculated  Z^'s  given  in  Table  E-3 
are  obviously  not  equal  to  the  R^c's  and  are  not  even  pure  resistances.  There¬ 
fore,  a  circuit  model  was  synthesized  for  the  Z  ’s.  If  the  phase  of  Z  was 

u  u 

positive,  the  model  was  assumed  to  be  an  R  representing  R^c  in  series  with 
an  inductor  (L).  Thus,  Z^  =  R  +  jwL.  Alternatively,  if  the  phase  of  Zy 
was  negative,  the  model  was  assumed  to  be  the  R  in  parallel  with  a  capacitor 
(C)  and,  thus,  Zy  =  R(1/jwC)/(R  +  1/jwC).  The  calculated  R's,  L's,  and  C's 
for  the  models  for  each  of  the  nine  cardinal  values  are  given  in  Table  E-4 . 
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Also,  a  measure  of  the  difference  (e)  between  the  calculated  R  and  the  dc 
R  is  given  in  percent  (e  would  be  the  percent  error  if  was  the  correct 
value  of  R  at  100  MHz).  From  this  data,  the  following  observations  were 
made: 


o  Except  for  very  small  and  very  large  cardinal  values,  the  differ¬ 
ences  between  R  and  Rdc  are  small  (typically  <20%). 

o  The  majority  of  the  L's  are  approximately  l^nH. 

o  The  majority  of  the  C's  are  approximately  0.5pF. 

Based  on  the  above  and  related  preliminary  analyses  (of  the  impedance 
of  one  type  of  component  at  one  measurement  frequency),  the  following  conclu¬ 
sions  have  been  developed  related  to  instrumentation  parasitics: 

o  If  the  parasitics  of  the  instrumentation  system  are  characterized, 
the  measured  data  can  be  corrected  by  removing  their  effects. 

o  Such  data  is  needed  for  each  measurement  technique. 

o  Such  data  is  needed  as  a  function  of  frequency  or  at  least  at  each 

measurement  frequency. 

Thus,  a  correction  technique  for  removing  the  instrumentation  parasitics 
from  measured  impedance  data  is  indicated.  However,  before  this  technique 
is  employed  on  all  measured  data,  its  appropriateness  for  all  the  measurement 
techniques,  for  each  type  of  component,  and  for  each  measurement  frequency 
must  be  ascertained.  Therefore,  it  is  recommended  that  further  investigations 
be  directed  toward  defining  each  measurement  system's  inherent  parasitics, 
defining  the  effects  of  the  parasitics  on  the  measured  impedance,  investigating 
the  variation  of  these  effects  with  the  magnitude  of  the  impedance  being 
measured  and  with  the  type  of  component  under  test,  identifying  the  most 
appropriate  techniques  for  removing  the  effects  from  the  measured  data,  and 
analyzing  the  validity  of  each  technique  and  accuracy  of  the  resulting  data. 
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Figure  E-l.  Measured  Impedance  of  Various  Cardinal 
Values  of  1/4-watt  Carbon  Composition 
Allen-Bradley  Resistors. 
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Figure  E-2.  Circuit  Showing  Possible  Instrumentation 
Parasitics  Relative  to  the  Measured  Z 
and  the  Component-under-Test. 
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MAGNITUDE  OF  THE  IMPEDANCE  MEASURED  FOR  SELECTED 


COMPONENTS 

AT  100  MHZ  USING 

DIFFERENT  MEASUREMENT 

TECHNIOUES 

Impedance  Magnitude 

Component 

Under  Test 

HP  4815A  Vector 
Impedance  Meter 

GR  1710  Network 
Analyzer 

Ref lectometer 
Svgtem 

C  =  2200  pF 

13.7  1 

s  : 

6.6  .1 

C  =  10  pF 

25.5  Q 

20  7 

14.7  ’ 

L  =  0.1  pH 

43  7 

38  7 

37  . 

L  =  100  pH 

0.58  k.7 

0.55  k  : 

1.79  k  .7 

R  =  1  kl 

0.57  k.7 

0.6  k 

1.3k. 

TABLE  E-2 


MEASURED  COMPLEX  IMPEDANCE  FOR  VARIOUS  CARDINAL  VALUES 
OF  1/4-WATT,  CARBON  COMPOSITION  RESISTORS 


Cardinal 

Resistance 

DC 

Resistance 

Impedance 

HP  4815A  Vector 
Impedance  Meter 

(ohms/degrees) 

GR  1710  Network 
Analyzer 

Ref lectometer 
System 

(V 

(3) 

1.2 

1.3 

1.93/89 

10.3/80 

10.4/82 

3.9 

4.2 

6/80 

13/67 

10.4/69 

10 

10.8 

23/64 

16/48.5 

15.5/47 

33 

36.4 

42/28 

36/17.5 

37.8/16 

100 

108.1 

109/5 

92/-1 

111.4/8 

390 

371.6 

325/-21 

310/-20. 5 

389.8/4 

1  k 

1057 

660/-49 

680/-46 

1141/17 

3.9  k 

3739 

780/-75 

850/-72 . 5 

6360/88 

10  k 

10.5  k 

830/-84 

940/-81 

4079/121* 

* 

Invalid  data 

point  due 

to  instrument  limitations. 
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TABLE  E-3 

UNKNOWN  COMPONENT  IMPEDANCE  CALCULATED  FROM 
MEASURED  IMPEDANCE  ASSUMING  INSTRUMENTATION 
PARASITICS  GIVEN  IN  FIGURE  E-2. 


R 

R  , 

Z 

Z 

cardinal 

dc 

m 

u 

) 

U) 

(2 / degrees) 

0 /degrees) 

1.2 

1.3 

10. 3/80 

7.4/76.2 

3.9 

4.2 

13/67 

10.3/61 

10 

10.8 

16/48.5 

13.9/41.1 

33 

36.4 

36/17.5 

35.0/14.5 

100 

108. 1 

92/-1 

92.2/1.2 

390 

371.6 

310/-20. 5 

330.3/-7.6 

1  k 

1057 

680/-46 

943. 6/-16. 6 

3.9  k 

3739 

850/-72. 5 

1974 . 1/-46. 1 

10  k 

10.5  k 

940/-81 

2967. 1/-60. 6 

SYNTHESIZED  CIRCUIT  MODELS  FOR  CORRECTED 


APPENDIX  F 


MODELING  AND  ANALYSIS  OF  EXCEPTIONS 
TO  GENERIC  CURVES 

With  the  exception  of  three  curves,  the  impedance  curves  for  all  the 
measured  data  match  one  of  four  generic  curves  (see  Figures  15,  1 6 ,  and  17). 
Therefore,  these  generic  curves  were  used  in  Sec.  ^.0  to  illustrate  the  mod¬ 
eling  techniques  used  with  the  measured  data.  The  modeling  and  analysis  for 
the  three  components  whose  impedance  curves  were  exceptions  to  the  generic 
curves  are  summarized  in  this  appendix. 

The  first  curve  which  is  given  in  Figure  F-1  is  for  the  15  uF  tantalum 
capacitor  (Sprague  109D156C2075F2)  which  represents  Group  #1  in  Table  D-7. 
This  curve  is  similar  to  the  generic  curve  given  in  Figure  15;  however,  the 
minimum  value  of  this  curve  is  below  the  measurement  capabilities  of  the  in¬ 
strumentation  (i.e.,  <1ft).  Thus,  the  series  resistance  (R  )  in  the  following 

s 

model  can  not  be  accurately  determined: 


— 1 1 — nnmr^- 


This  resistance  can  be  approximated  in  most  cases  by  visually  estimating  the 

minimum  value  of  the  impedance  (|z|)  on  the  curve.  For  example,  in  Figure  F-1 

the  minimum  value  is  estimated  to  be  0.65ft.  Thus,  R  is  assumed  to  be  650  mft 

s 

and  C  and  L  are  determined  from  the  asymptotes  on  Figure  F-1  as  described 
in  Sec.  3.0.  The  resulting  element  values  are 

R  =  650  mft, 
s 

C  s  13-3  pF,  and 
L  =  26  nH. 

The  impedances  calculated  from  this  model  are  also  shown  in  Figure  F-1. 
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The  second  exception  to  the  generic  curves  is  given  in  Figure  F-2.  This 
impedance  curve  is  for  the  0.033  pF  tantalum  capacitor  (Sprague  150D333X0035 ) 
which  represents  Group  #3  in  Table  D-7.  Again,  this  curve  is  similar  to 
the  generic  curve  given  in  Figure  15.  In  fact,  it  was  modeled  using  the 
techniques  given  in  Sec.  4.0  and  the  results  were  presented  in  Figure  D-3. 
However,  the  model  is  very  inaccurate  approximately  one  frequency  decade 
below  | Z ! min-  This  inaccuracy  appears  to  be  due  to  assuming  that  the  series 
resistance  is  a  constant.  Therefore,  the  Izi  curve  was  remodeled  using  the 
technique  which  assumes  that  the  series  resistance  is  a  function  of  frequency 
as  described  in  Step  4  in  Seb.  3.2.2. 1.  The  resulting  model  is 


f 


-AAA. - 1  | - 000>- 

^33  3  0.033  uF  22  nH 


The  impedances  calculated  from  this  model  are  shown  in  Figure  F-2.  This 
technique  results  in  a  more  accurate  model  for  this  group  of  capacitors  as 
can  be  seen  in  Figure  F-3.  This  figure  give  the  differences  between  the 
measured  jz|  and  the  calculated  |z|  in  per  cent  for  both  modeling  techniques 
(i.e.,  assuming  R  is  a  constant  and  assuming  R  is  a  function  of  frequency). 
Figure  F-3  shows  that  the  percentage  difference  is  reduced  considerably  (i.e., 
the  model  accuracy  is  improved)  by  assuming  that  R  is  frequency  dependent. 

The  final  exception  to  the  generic  curves  is  given  in  Figure  F-4  for 
the  100  mH  RF  choke  (Miller  994)  which  represents  Group  if 4  in  Table  D-8. 

This  impedance  curve  is  similar  to  the  generic  curve  given  in  Figure  16  and 
it  was  modeled  in  Sec.  4.0  (see  Figure  D— 11)  as  if  it  matched  the  generic 
curve.  However,  this  curve  has  additional  resonances  above  the  first  resonant 
frequency  of  170  kHz.  In  order  to  account  for  these  other  resonances  and, 
thus,  refine  the  model,  successive  applications  of  the  guiielines  and  rules- 
of-thumb  presented  in  Sec.  4.0  were  employed  to  obtain  a  considerably  more 
complex  model.  The  resulting  model  is 
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8.5  pF 


254.9  pF 


The  impedances  calculated  from  this  model  are  also  shown  on  Figure  F-4. 

This  figure  indicates  that  the  model  accurately  predicts  all  the  characteris¬ 
tics  of  the  inductor  except  for  the  value  of  |z|  at  some  of  the  resonance 
frequencies.  The  value  of  the  model  \Z\  could  be  improved  at  the  resonances 
by  continued  refinement  through  the  application  of  the  guidelines  in  Sec. 

4.0;  however,  the  model  obviously  would  become  more  complex. 

In  summary,  three  exceptions  to  the  generic  impedance  curves  in  Sec.  4.0 
have  been  presented.  Techniques  for  modeling  these  curves  have  been  described 
based  upon  application  of  the  guidelines  and  rules-of-thumb  presented  in 
Sec.  4.0.  It  is  concluded  that  as  the  impedance  curve  is  modeled  in  more 
detail,  the  complexity  of  the  resulting  model  increases  either  in  element 
count  or  through  frequency  dependency  of  some  of  the  elements. 


F-3 


Figure  F-l.  Data  for  the  Capacitor  Representing  Group  #1  in  Table 
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Multiple  aolld  curves  reflect  reaulta 
obtained  vlth  different  Instrumentation 
systems.  (see  Appendix  E) 
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Figure  F-2.  Data  for  the  Capacitor  Representing  Group  if 3  in  Table  D-7 
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Figure  F-3.  Difference  in  Model  and  Measured  Impedances  in  F-2. 


Figure  F-4.  Data  for  the  Inductor  Representing  Group  #4  in  Table  D-8 
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